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1. Introduction and Background 
 
Last year 2015 was named as “International Year of Light” by the United Nations 
Educational, Scientific and Cultural Organization (UNESCO), because light (both 
natural light and artificial light) plays an important role in our daily life (Figure 1.1). 
However as a special energy, light can only be converted from energy in other forms, 
like electricity, instead of being harvested for application directly.  
 
    
Figure 1.1. The importance of light. a) the poster of “International Year of Light”1, b) 
photosynthesis2, c) satellite photo of Europe night view3.  
 
The history of converting electricity to light can be dated back to the year 1880, when 
Thomas A. Edison invented the first incandescent bulb. But incandescent bulbs‘ low 
efficiency of electron-to-photon conversion (nearly 5%), the crisis of mineral fossil, 
and greenhouse effects prompted humans to develop other lighting devices with 
higher efficiency. Fluorescent tubes, as the 2nd generation of artificial light sources, 
are still widely used today with increased efficiency, but they are not environmentally 
friendly due to their toxic component mercury. Inorganic light-emitting diodes 
(LEDs), as the 3rd generation, exhibit even higher efficiency, but they are point light 
sources which cannot meet alone our daily requirements.4  
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Nowadays，many new solid-state lighting (SSL) technologies appear and develop 
fast, like carbon dots and inorganic quantum dots light-emitting diodes. Among these 
technologies, organic light-emitting diodes (OLED) devices have already reached the 
stage of commercialization due to their evident advantages (Figure 1.2), such as 
facile preparation, low cost, safe applications, light weight and fast response.  
 
Figure 1.2. OLED products in modern life. 
1.1. OLED devices 
 
1.1.1. Architectures of OLED devices 
 
An OLED is a light-emitting device containing organic layers where the opposite 
charge carriers (holes and electrons) recombine to produce photons under external 
voltage. The organic layers, constructed between two electrodes, are about 100nm, 
and they can be divided into different layers according to their functions: the hole 
injection layer (HIL), the hole transport layer (HTL), the emissive layer (EML), the 
electron transport layer (ETL) and the electron injection layer (HIL) (Figure 1.3). The 
EML is the core component of OLED devices to produce light. Sandwiching the EML 
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4) Formation of photons. Through the procedures of relaxation and diffusion, a 
part of excitons produce photons. 
 
5) Extraction of light. The photons go through the transparent electrode to emit 
light, with many losses due to surface reflection. 
 
Figure 1.4 The working principle of OLED devices.6-8 
1.1.3. The quantum efficiency of OLEDs 
 
As an important evaluation, the OLED device’s efficiency can be defined as the 
capability of the electron-photon conversion, and it can be characterized by quantum 
efficiency, power efficiency, and luminous efficiency for different research purposes. 
Quantum efficiency (QE) is defined as the numerical ratio of photons to the injected 
electron-hole pairs, therefore it can evaluate OLEDs’ lightening capability more 
directly. To further study the influential factors, QE can be subdivided into internal 
quantum efficiency (IQE) and external quantum efficiency (EQE).  
1.1.3.1. Internal quantum efficiency  
 
IQE shows the numerical ratio of total photons generated within the device to the 
injected electron-hole pairs. 
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Whereas, Nint means the total number of photons generated within the device; 
                 Nc means the total number of injection charge carriers pairs.  
 
IQE is influenced by many factors. In a fluorescent OLED device, for instance, it can 
also be described as follows: 
            
Where, γ means the charge balance factor; 
            ηs means the singlet fraction in all excitons; 
           Φf means quantum efficiency of the photoluminescence.  
1.1.3.2. External quantum efficiency  
 
EQE describes the numerical ratio of the photons emitting out of the device to the 
injected electron-hole pairs. 
      
    
  
 
Whereas, Next means total number of the photons emitting out of the device; 
                 Nc means total injected charge hole-electron pairs.  
 
The photons can be partially absorbed through their transmission towards the device’ 
surface or be reflected on the interface of the device and surrounding medium due to 
mismatches of refractive index. Therefore, EQE value is usually lower than IQE value, 
and their relation can be described as follows: 
            
Whereas, Re means the outcoupling efficiency, which is lower than 1. 
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Only the photons emitting out of the devices can be considered as effective, therefore 
EQE values are more reliable than IQE values to truly evaluate emitting behavior. 
1.1.4. The strategies to improve QE 
 
1.1.4.1. Increasing IQE 
 
The IQE of an OLED is strongly influenced by the type of emitters. According to spin 
statistics, singlet and triplet excitons are formed with a ratio of 1:3 in the EML, under 
electrical excitation. OLEDs with traditional fluorescent emitters can only utilize 
singlet excitons to emit fluorescence, and therefore their maximal IQE is 25% in 
principle.  
 
 
Figure 1.5. The four processes to harvest triplet excitons for luminescence in a) 
phosphorescent, b) triplet–triplet annihilation (TTA), c) (hybridized local and charge-
transfer (HLCT) excited state structure, and d) thermally activated delayed 
ﬂuorescence (TADF) OLEDs, where F, P, IC, ISC, RISC, VR, NR, and ΔEST mean 
ﬂuorescence, phosphorescence, internal conversional, intersystem crossing, reverse 
intersystem crossing, vibrational relaxation, non-radiative relaxation and the singlet-
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triplet energy splitting, respectively.9 (Reproduce with permission from John Wiley 
and Sons.) 
 
In order to overcome the limitation of 25%, several methods were proposed to harvest 
the triplet excitons for luminescence (Figure 1.5): 
 
1) Phosphorescent OLEDs.  
The first phosphorescent OLED was prepared by Forrest et al. through 
applying phosphorescent dyes in the OLED device to observe 
electrophosphorescence in 1998.10 The phosphorescent OLEDs in principle 
can reach 100% IQE,10 because they can harvest both singlet and triplet 
excitons.11 However, phosphorescent OLEDs contain some intrinsic 
disadvantages, like low brightness, high cost and low reliability for blue-light 
emitting.12 
 
2) Triplet–triplet annihilation (TTA) OLEDs.  
The TTA method, which means converting two triplet excitons into one 
singlet exciton, was first realized by Kido et al. in 1998.13 OLED devices 
based on TTA emitters, theoretically, can reach the maximum EQE of 62.5%. 
However, the relative low EQE, together with concentrated sensitizers and 
high driving voltages lead to a low performance-cost ratio for applications.  
 
3) Hybridized local and charge-transfer (HLCT) OLEDs.  
The HLCT state is a new state by hybridizing charge transfer (CT) and local 
excited (LE) states, where the LE state emits ﬂuorescence efficiently through 
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its decay to ground state, and the CT state enables high conversion of reverse 
intersystem crossing (RISC) from CT-based triplet excited state (TCT) to CT-
based-singlet excited state (SCT).
14-17 The HLCT method can transfer 100% 
triplet excitons to singlet ones via RISC,14-17 but it is difficult to design this 
type of molecules without the internal conversion (IC) decaying process to the 
lowest singlet or triplet states. 
 
4) Thermally activated delayed ﬂuorescence (TADF) OLEDs.  
TADF can harvest 100% triplet excitons through up-conversion of one triple 
exciton to one singlet exciton via RISC under thermal energy. Since 2009 
when Adachi et al. applied the first TADF emitter in OLEDs, TADF materials 
have experienced a rapid progress in the last 7 years. Nowadays, abundant 
TADF materials are synthesized in various forms, from metal complexes18 to 
metal-free organic molecules19, from small molecules20 to polymers21. Besides, 
TADF emitters can give full-color display. Furthermore, nearly 100% IQE in 
TADF OLEDs have already been realized.22, 23 Therefore, TADF is considered 
as a key technology for the next-generation OLEDs, due to its high efficiency, 
simple design principle and low cost. 
 
1.1.4.2. Improving light outcoupling efficiency 
 
Nowadays, some OLEDs, for example phosphorescent or TADF OLEDs, can harvest 
both singlet and triplet excitons to achieve a maximum IQE of 100%,22-25 but their 
EQE are only about 20-30%, which can be attributed to the low outcoupling 
efficiency. To be precise, the refractive index mismatches between the different layers 
such as organic layers (n ~ 1.6 - 1.8), indium tin oxide (ITO) (n ~ 1.8) glass or plastic 
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substrate (n ~ 1.5), and air (n ~ 1) leading to internal reflection on the ITO/organic 
layers interface and the glass/air interface are the main reason (Figure 1. 6a).  
 
 
Figure 1.6. a) Reasons for OLEDs’ low out-coupling efficiency and possible 
solutions: b) encapsulating with a high refractive index substrate, c) applying an 
uneven micro lens arrays, d) inserting a scattering layer, and e) utilizing a high 
refractive index electrode. 
 
Several attempts based on light refraction and scattering were proposed to increase 
outcoupling efficiency. Mladenovski et al. applied sapphire as high refractive index 
substrate (n = 1.8) to make a green OLED achieving EQE up to 42% (Figure 1.6b).26 
So et al. attached an additional micro lens to the sapphire substrate, and they increased 
the EQE to 63% in a green phosphorescent OLED (Figure 1.6c).27 Chang et al. 
embedded a scattering layer of TiO2 nanoparticles and transparent photoresist between 
ITO and glass substrate to increase quantum efficiencies by two times (Figure 
1.6d).28 A similar work was conducted by Kumar et al., who inserted a nanostructured 
ITO film between anode and glass substrate to improve the EQE by 80%.29 Wang et 
a) 
b) c) 
d) f) 
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al. substituted ITO by an collective stack of Ta2O5 and Au to construct new OLEDs 
with EQEs of up to 63% for green emission (Figure 1.6e).30 Most of the 
aforementioned methods are based on the inorganic materials, while the improvement 
of outcoupling efficiency through polymer materials is rarely reported due to their 
intrinsic disadvantages of their relative low refractive index. However in order to 
achieve OLEDs with stable performance, prepared in large scale and at low cost, high 
refractive index polymers are in high demand. 
 
1.2. TADF emitters 
 
TADF, or E-type delayed ﬂuorescence which enables the up-conversion of triplet 
excitons to singlet ones under external thermal energy, has been studied in 
photochemistry area for decades.9, 31 It was first observed in the eosin dye by Parker 
and Hatchard in1961.32 The first metal-complex showing TADF was discovered in a 
Cu(I)-complex by Blasse et al. in 1980.33 In 1996, fullerenes emitting delayed 
ﬂuorescence (DF) were found by Berberan-Santos et al., and they utilized DF 
property to detected oxygen and temperature for the first time.34 However, the study 
regarding applying TADF materials as emitters in OLEDs began quite recently.  
 
1.2.1. TADF molecules’ luminescence processes 
 
The theoretical explanation of the QE enhancement is based on TADF molecules’ 
special luminescence processes (Figure 1.7). In the photoluminescence (PL) process, 
only singlet excitons are generated under optical excitation, and singlet excitons are 
fast transferred to S1 excitons (original S1 excitons). Part of original S1 excitons decay 
to S0 state with prompt fluorescence (PF) emitting, or decay to T1 state through 
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intersystem crossing (ISC). Some T1 excitons are up-converted to S1 excitons (later S1 
excitons) via reverse intersystem crossing (RISC). The later S1 excitons recycle the 
same decay process with delayed fluorescence (DF) emitting, until they are 
deactivated. In the electroluminescence (EL) process, both triplet and singlet excitons 
can be formed with ratio of 1:3 through the recombination of electrons and holes. The 
high excitons are transferred fast to S1 excitons (original S1 excitons) or T1 excitons. 
These original S1 excitons decay to S0 state with PF emitting, or decay to T1 excitons 
through ISC. The T1 excitons can be partly up-converted to later S1 excitons via RISC, 
and further decay to S0 state with DF emitting. To enable these two processes, the 
molecules, therefore, should meet two requirements: a relatively large radiative decay 
rate (kr) to obtain high luminescence efficiency, and a comparable small energy 
between S1 and T1 states (ΔEST) to ensure RISC.
18 
 
Figure 1.7. The two photo processes of TADF molecules’: a) photoluminescence and 
b) electroluminescence, where kr
S, kDF, kISC, kRISC, knr
S, knr
T are prompt ﬂuorescence 
decay rate, delayed ﬂuorescence decay rate, intersystem crossing rate, reverse 
intersystem crossing rate, non-radiative decay rate, non-radiative decay rate 
respectively; ϕPF, ϕDF, ϕISC and ϕRISC represent the prompt ﬂuorescence efficiency, 
delayed ﬂuorescence efficiency, intersystem crossing efficiency, and reverse 
intersystem crossing efficiency, respectively. 18 (Reproduce with permission from 
John Wiley and Sons.) 
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1.2.2. Small-molecule TADF emitters 
 
In 2009, Adachi group first proposed a method of applying TADF emitters in OLEDs 
to achieve 100% IQE through up-conversion of triplet excitons to singlet ones with 
thermal energy. In spite of low EL efficiency of the first TADF emitters of Sn(IV)-
complexes (Figure 1.8), their preliminary results proved the proposal’s feasibility.18  
  
Figure 1.8. The first TADF molecules applied in OLED devices.18 
 
In 2010，Deaton et al. designed and prepared a copper(I) complex with TADF 
property. A maximum EQE of 16.1% was obtained in a green OLED based on the 
complex doped EML (Figure 1.9).20 
 
Figure 1.9. The EQE in OLED device base on copper(I) complex TADF emitter.20 
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Figure 1.10. The first fully aromatic TADF emitter19.  
 
In 2011, the first fully aromatic compound with TADF property was synthesized by 
Adachi et al. (Figure 1.10), and when applied as blue TADF emitter, it can achieve  
EQE up to 5.3%, which overcomes the 5% theoretical limit for EQE of fluorescence 
OLEDs.19 
 
 
Figure 1.11. a) Molecular structures of CDCBs and b) the EQE of CDCBs-based 
OLEDs. 35(Reproduce with permission from Nature.) 
a) 
b) 
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The research on TADF OLEDs created a great sensation in 2012, when Adachi et al. 
prepared a series of carbazolyl dicyanobenzene (CDCB) derivatives 4CzIPN (green 
emission), 4CzTPN-Ph (orange emission) and  (sky-blue emission) as TADF emitters, 
and the EQE values have reached 8%, 20% and 11% for blue, green and orange 
OLEDs, respectively (Figure 1.11).35 
 
Figure 1.12. a)The structures of new TADF emitters and b) the EQE of OLEDs with 
these compounds as emitters. 24(Reproduce with permission from Nature.) 
 
Figure 1.13. High efficient red TADF emitter.36(Reproduce with permission from 
American Chemical Society.) 
 
In the last 4 years, hundreds of new TADF emitters were synthesized from different 
groups, and most TADF emitters show very high EQE. At present, the emission 
colors of TADF materials have covered the whole range of visible regime. The 
   b) 
   a) 
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highest EQE in blue TADF OLEDs is 19.5% achieved by DMAC-DPS emitter 
(Figure 1.12),24 and red TADF OLEDs have reached the EQE of up to 12.5% (Figure 
1.13),36 while the EQE of green OLED devices based on 4CzIPN emitter have already 
been optimized to 29.6%37. These EQE values of monochromatic TADF OLEDs are 
comparable to those achieved by phosphorescent OLEDs, and today the full aromatic 
TADF emitters are replacing the common noble metal-complex counterparts. These 
remarkable discoveries have revolutionized our stereotype of organic opto-electronics.  
 
1.2.3. Polymeric TADF emitters 
 
 
 Figure 1.14. Synthetic route to dendrimers GnTAZ. 21 
 
Since 2009, the applications of TADF materials in OLEDs have made great progress, 
but most TADF emitters reported are small molecules and they are normally 
deposited by thermal evaporation in vacuum. Due to their crystallization and poor 
solubility, they are not suitable for the solution process. By contrast, 
electroluminescent polymer thin films can be prepared through solution methods, like 
spin-coating, ink-jetting and flow casting, with the significant advantages of easy 
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prosessiblity, low cost and large-scale fabrication. However, up to now, only a few 
studies on TADF polymer emitters were reported.  
 
In 2015, Kimihisa Yamamoto group reported the first high-molecular-weight TADF 
materials carbazole dendrimers GnTAZ (n=1-4) prepared by attaching carbazole 
dendrons to the triazine core (Figure 1.14). Based on these spin-coated dendrimers 
emitters, green OLED devices can obtain an EQE of up to 3.4% (G3TAZ) (Figure 
1.15).21 
 
 
 
Figure 1.15. Transient PL decay of GnTAZ dendrimers n=2-4 from a)-c) recorded at 
several temperatures, and d) the EQE of OLEDs with GnTAZ dendrimers as emitters. 
21(Reproduce with permission from John Wiley and Sons.) 
a) 
b) 
c) d) 
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Meanwhile, Nikolaeno et al. proposed a new strategy “intermonomer TADF” to bring 
the TADF property to polymers’ platform. Based on the new method, they 
synthesized the first linear TADF polymer and achieved a green OLED’s EQE of up 
to 10% (Figure 1.16).38 
 
 
Figure 1.16. a) Strategy of the intermonomer TADF polymer and b) the EQE of 
OLEDs based on TADF polymer as emitter. 38 (Reproduce with permission from John 
Wiley and Sons.) 
 
In the same year, Yang group grafted the TADF emitter onto side chain of 
polycarbazoles’ to obtained TADF copolymers. Employing these copolymers as 
emitting layers, a blue-green OLED with a maximum EQE of 4.3% can be achieved 
(Figure 1.17).39 
a) 
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. 
 
 
Figure 1.17. a) Synthetic route of the PCz-based copolymers with TADF unit and b) 
the EQE based on these copolymers as emitters.39 (Reproduce with permission from 
Royal Society of Chemistry.) 
 
In 2016, Adachi group designed and synthesized a new class of π-conjugated TADF 
polymers (pCzBP and pAcBP) by alternating electron donor and acceptor units. 
Using these materials’ spincoated film as emitters, OLEDs can produce green 
electroluminescence with EQE of 8.1%±0.7%, (pCzBP) and 9.3%±0.9% (pAcBP), 
respectively (Figure 1.18).40  
  
a) 
b) 
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Figure 1.18. Polymers’ structures and their TADF properties. a) molecular structure 
of pCzBP and pAcBP, temperature dependences of transient PL decays ranging from 
50 to 300 K for b) pCzBP and c) pAcBP blend films, and d) the EQE of OLED 
devices A and B based on pCzBP and pAcBP emitters respectively. 40 (Reproduce 
with permission from John Wiley and Sons.) 
 
In 2006, Dias et al. designed the PTZ-DBTO2 as a TADF emitter and further 
introduced this unit to two polymers COP1 and COP2. OLEDs based on PTZ-
DBTO2-dopped 4,4-bis(N-carbazolyl)-2,2-biphenyl (CBP) emitter can reach the 
EQE up to 22%. OLEDs based on COP1 and COP2 EML can reach the EQE up to 
3.5% (Figure 1.19).41  
a) 
c） d） 
 
 
   b） 
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Figure 1.19. a) The TADF unit, b) the unit-containing polymers, and c) the EQE of 
OLED devices were based on mixed (DEV1) and pure (DEV2) PTZ-DBTO2, (DEV3) 
COPO1 and (DEV4) COPO2. 41(Reproduce with permission from John Wiley and 
Sons.) 
1.3. Hyperbranched HRI polymers 
 
1.3.1. Hyperbranched polymers 
 
As a specific group of polymers, hyperbranched (hb) polymers, contain three 
dimensional and highly branched structures. In 1952, Flory first proposed the theory 
of preparing the highly branched structures through ABX approach.
42 However, not 
until 1982, the first hb polymer poly(3-hydroxybenzoate) was synthesized.43 Over last 
30 years, various hb polymers have been constructed, including polyurethanes44, 
polyesters45, 46, polyethers47 and conjugated polymers48, 49, and hp polymers have 
found broad applications in surface modifications50-52, nanotechnology53-55, 
supramolecular self-assembly56-58, biomaterials59-61, coatings55, 62, 63, additives51, 64 and 
so on.  
 
The development of hb polymers depends highly on their synthesis methodologies65, 
66, which can be divided into four categories (Figure 1.20) according to the number of 
monomers used: 
a) b) c) 
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1) Single-monomer methodology (SMM).  
Only one type of monomers ABn (n≥2) is applied in this approach, with AB2 as 
the most widely used monomers. One branch point in the structure is created by 
the both B groups in one molecule reacting with two A groups from two 
molecules. This method takes no risk of gelation, but monomers need to be 
specifically prepared in most case.67-69 
 
2) Double-monomer methodology (DMM).  
In this method, “A2” and “B3” monomers are the most utilized type. Two 
functional groups A and B are contained separately in two molecules, making 
monomers’ preparation and storage much easier. Besides, the end group ratio can 
be controlled by changing the input ratio of monomers. However, gelation usually 
happens using this method, and therefore polymerization should be terminated or 
capping molecules are added before the critical point of gelation.70-72 
 
3) Couple-monomer methodology (CMM).  
The CMM method is based on non-equal reactivity between A’ and A, and 
between B’ and B. Given that groups A’ and B’ are more reactive than A and B 
respectively, the reaction between A’ and B’ groups occurs faster to result an 
AB2-like intermediate (A-a’b’-B2), and then the intermediate propagates in the 
same way as SMM. The CMM method exhibits the advantages of both SMM and 
DMM.73 
 
4) Multi-component methodology (MCM).  
Three monomers or more are required to prepare hb polymers in this method, 
which follows a reactive mechanism of step-growth. For example, in a three-
25 
 
component system, group A and C first react to result group D with high 
reactivity, which reacts with group B to achieve hb polymers, but either group A 
or C cannot react with group B directly. In other word, the reaction is started by 
the intermediate group D.74-77 
 
 
 
Figure 1.20. Four types of synthesis methodologies for accessing hb polymers. 65 
(Reproduce with permission from Royal Society of Chemistry.) 
 
 
Figure 1.21. Divergent method to prepare dendrimers.78 (Reproduce with permission 
from Royal Society of Chemistry.) 
 
Hb polymers share many advantages over linear polymers and dendrimers. Compared 
with linear polymers, hb polymers possess many functional groups, low viscosity, 
isotropy and good solubility.66 Due to their regularly branched structures and uniform 
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molar mass, dendrimers, as the prefect analogue to hb polymers, are superior to hp 
polymers, but dendrimers need multi-step synthesis and laborious purifications 
(Figure 1.21).78 Hb polymers, in spite of their random branching structure and larger 
distribution of molar mass, can be synthesized in one-step, which makes hb polymer 
more easily prepared and widely used. The comparison results among linear polymers, 
HPs, and dendrimers are listed in Table 1.1.  
 
Table 1.1. The differences between linear polymers, hyperbranched polymers and 
dendrimers.65 (Reproduced with permission from Royal Society of Chemistry.) 
 
 
1.3.2. High refractive index polymers 
 
Refractive index (RI) is defined as the speed ratio of light travelling in vacuum and in 
the medium. The RI data decreases with the increasement of wavelength, therefore for 
facile quantitative comparison, using the RI value at 589 nm is defined as the general 
materials’ RI. 
n  
 
 
 
Whereas,   means the speed of light in vacuum;  
                  means the speed of light in the materials; 
                n means the refractive index of the materials. 
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and polycarbonate (n=1.5848).81 However, for opto-electronic applications, polymers 
with a refractive index higher than 1.7 or even 1.8 are highly demanded. 
 
At present, various HRIPs have been designed and prepared. Ueda et al. have 
designed a series of HRI sulfur-containing polyimides (PIs) with good thermal 
stability. Figure 1.23 depicts two examples of HRI PIs, PIa and PIb with RI data of 
1.768 and 1.769 at 633 nm respectively.82, 83  
 
PIa 
 
PIb 
Figure 1.23. The structure of HRI polymers PIa and PIb.82, 83 
 
Yang et al. reported a series of polyphenylquinoxalines (PPQs) with good thermal 
stabilities, good mechanical properties and high refractive index (n=1.728-1.795 at 
633 nm) (Figure 1.24).84, 85 However, the low transparency of both PIs and PPQs 
limited their applications.  
  
Figure 1.24. The structure of HRI polymers PPQs.84, 85 
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Tu et al. prepared a special group of polyesters PET 1-7 with fullerene-substituted 
side-chains (Figure 1.25). Due to high molar refractivity of the polyaromatic 
fullerene units, these polymers exhibit high refractive index (up to 1.86), good 
thermal stability and high transparency.86, 87 However, expansive precursors, complex 
preparation and phase separation made these material impractical for applications. 
 
Figure 1.25. The structure of HRI polymers PET 1-7.86, 87 
 
Tang et al. took advantage of novel polymerization methods to prepare various 
polymers with high RI data. Some polymers with conjugated polymer chains or strong 
fluorescent units of tetraphenylethene or silole (Figure 1.26)88-91, in spite of their high 
refractive index (up to 1.94), have to be considered as photo-active materials, since 
they may change the optical properties,upon irradiation. 
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Figure 1.26. Examples of photo-active polymers with high RI data. 88-91 
 
Other materials (Figure 1.27), like polyesters92polyvinylsulfides93, polytriazoles94 
were prepared by metal-free polycyclotrimerization, “thiol-yne” or “azide-yne” 
polymerizations, with refractive index up to 1.73 at 632 nm (linear PVS 2), which 
can be used as HRI materials.92 
 
Our group also prepared a series of hyperbranched PVS through “A2+B3”metal-free 
“thiol-yne” polyaddtions. Compared to theirs linear counterparts, the hb polymers are 
much favored, because hyperbranched structure (Figure 1.28) can reduce the 
orientation tendency and also avoid birefringence in linear polymers95, 96 In addition, 
easily available monomers can be used and the A2+B3 approach allows to adjust the 
ratio of monomers, end groups, and thus RI values, One of our HRI PVS has already 
been applied in organic lasers.97 However up to now, the reports regarding HRI 
polymers applied as outcoupling layers in OLED device are still rare. 
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Figure 1.27. The metal-free polymerizations to prepare polyesters hb PET1-4, 
polyvinylsulfides Linear PVS 1-4 and polytriazoles PTz a-c. 92-94 
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Figure 1.28. Synthesis of hyperbranched polymers hb PVS by “A2+B3” approach. 
95, 
96 
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2. Motivations and Aim 
 
Over the last three decades, the performance of OLEDs has been improved rapidly, 98-
100 however, as an important assessment for OLED, the EQE data are still quite low. 
As outlined in the theoretical background, the EQE is the product of out-coupling 
efficiency and internal quantum efficiency (IQE). Therefore, this thesis focuses on 
designing two types of polymers with different optical functionalities, to increase the 
EQE addressing the two aforementioned determining factors.  
 
Thus, the first part of the thesis addresses the light out-coupling efficiency in OLED 
devices. Here high refractive index (HRI) polymers are aimed for as potential material 
for the out-coupling layer, which are so far scarily reported for application in OLED 
devices, due to existing limitations, such as limited transparency, extra fluorescence, 
tedious synthesis, poor thermal stability and low solubility. However, if suitable 
polymers are becoming easily available, they will offer the unique advantage, 
compared to low molar mass HRI compounds, of being able to using cost-effective 
solution based technology for large area film preparation. In addition, polymeric 
materials will allow to introducing fully new concepts for increasing the light-out-
coupling efficiency, like patterning allowing micro-lens preparation, or the 
incorporation of light scattering particles into the out-coupling layer. 
 
The approach described in this thesis is based on a previous work where HRI 
polymers were prepared via metal-free thiol-yne “A2+B3” polyaddition reaction, 
which led in an easy one-pot synthesis to hyperbranched polyvinylsulfides of high 
solubility and already reasonable high RI. For further increasing RI, in this work B3 as 
well as finally A2 monomers with high naphthalene content were chosen which should, 
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in addition to the positive effect of the sulfur-containing units, render polymers with 
even higher RI, and hopefully also of high solubility due to the branching. A 
challenging aspect of this work was to find reaction conditions which allow the 
preparation of high molar mass as well as highly soluble, highly aromatic polymers by 
that A2+B3 approach, even so very sterically demanding monomers are used. In 
addition, the material properties should be fine-tuned by careful selection of the 
monomer ratio. 
 
It was expected that these new, easily available HRI polymers will be of high 
potential in OLED application. Thus, the work in this part of the thesis comprises on 
the one hand monomer and polymer synthesis as well as detailed characterization of 
the structure and the solution and thermal properties of the new materials. But on the 
other hand, the elucidation of the thin film preparation and the quality and optical 
properties of the resulting polymer films are major objectives. Finally, evaluation of 
the performance of the polymer films in an OLED device compared to conventionally 
low molar mass our-coupling layers was aimed for, which could be realized with the 
help of partners from the Institute of Applied Photophysics at TU Dresden.  
 
For increasing the IQE in OLEDs, this thesis focuses on the development of a new 
type of polymeric thermally activated delayed fluorescence (TADF) material. TADF 
materials have the potential of theoretical 100% IQE and are considered as key 
materials for the next generation of OLEDs. So far, a significant amount of low molar 
mass TADF molecules has been developed, however, only a limited number of design 
rules are reported so far for polymers, even though polymers would offer, as already 
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outlined above, significant advantages with regard to processing cost-effectively more 
efficient OLEDs for large area application. 
 
The new concept described in this thesis for TADF polymers is based on a new 
monomer which exhibits individual promising structural units for achieving TAFD 
properties but does not emit TADF itself due to its large ΔEST (the energy gap 
between singlet S1 and triple T1 state). However, it has to be expected that once the 
monomer is polymerized, the resulting polymeric product will have reduced ΔEST due 
to the increased conjugation length and thus can be expected to emit TADF. This new 
concept has the potential to significantly increase the scope of polymeric materials 
with TADF properties. 
 
Thus the second part on the thesis focuses on the design of a new monomer based on 
carbazole units with a pendant benzophenone moiety and its polymerization and full 
structural elucidation with the help of model compounds involving intensive NMR 
and MALDI-TOF analysis. In addition to the expect TADF properties, the 
benzophenone unit will also provide the possibility for film stabilization and even 
photopatterning due to photo-crosslinking. Thus the study of film formation and 
photo-crosslinking of the new TADF polymers was a further objective of this thesis. 
Finally, first theoretical as well as experimental studies of the photo physical 
properties of the monomer, a low molar mass model compound and the polymer, 
again together with the partners from the Institute of Applied Photophysics, should 
provide evidence on the suitability of the new polymer design principle.   
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Result and discussions 
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3. High refractive index polymers based on “A2+B3” 
thiol-yne polymerizations 
3.1. Introduction 
 
Over last few decades, optic-electric devices have experienced a rapid development, 
and this procedure depended highly on the behavior of the constituent materials.98-100 
In this regard, high refractive index (HRI) materials (RI > 1.50) play an important role 
in the overall performance of many opto-electronic devices101, 47-51. To be exact, with 
the intrinsic capability to increase refraction and decrease the reflection, HRI 
materials can widen the critical angle of incident ray, therefore HRI materials can 
increase external quantum efficiency of OLED devices’25, 102-105 and improve opto-
electron conversion efficiency of solar cells’106, 107. Besides, they can find applications 
in many other areas, such as spectacles108, organic lasers97, micro-lenses,109 
waveguides110.  
 
HRI materials can be divided into three groups: inorganic materials, nanocomposite 
materials and polymeric materials.111, 112 Compared to other counterparts, e. g. rare-
earth containing glasses, high refractive index polymers (HRIPs) are much favored 
due to their many advantages, like low cost, light weight, facile processability, high 
impact resistance and dyability.113, 114 However, most RI data reported in HRIPs (less 
than 1.60) are far below expectation.80, 112 Besides, some disadvantages like residual 
metallic catalysts,93, 115 poor thermal stability116, strong fluorescent emission117-119, or 
insufficient transparency84, 85, extensive monomer and polymer synthesis procedure84, 
85, 94 need to be overcome for practical applications.  
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The reaction between alkyne group and thiol group is usually referred as “thiol-yne 
reaction (TYR)”,120-125 which developed rapidly after the successful applications of 
“thiol-ene” chemistry126-129. The TYR can be triggered by various catalysts130-136, such 
as  photo131, 137, 138, thermo96, 139, 140, amine93, and transitional metals141, 142, and it 
shares many advantages, such as mild reaction conditions, high atomic economy, high 
reaction rate.125, 143 TYR has already found broad applications in various areas125, 143, 
144, such organic and polymer synthesis97, 103, 133, 140, 143, 145-152, bioconjugation147, 153-156, 
and surface modifications157, 158. As for the optical applications, the radical-mediated 
TYR has many advantages over metal-ion catalyzed methodologies due to its mild 
reaction conditions, available starting materials, and easy puriﬁcation procedures of 
the resulting products. In previous work, the metal-free radical-mediated thiol-yne 
reactions have already been applied to synthesize a variety of different linear and 
branched polyvinylsulfide (PVS) materials with HRI up to 1.70 at 589 nm.97, 103, 133, 145, 
146  
 
In this chapter, a new B3 monomer 1,3,5-tris (naphthalylethynyl) benzene 1 with high 
content of naphthalene moieties was newly prepared. Through “A2+B3” thiol-yne 
metal-free polymerization, this B3 monomer could react with three A2 monomers 
respectively, namely hexane-1,6-dithiol 2, 1,4-dithiolbenzene 3, and 1,5-dithiol-
naphthalene 4 to provide polymers with high RI data, good thermal stability and 
metal-free residues, therefore the related polymers can be applied as out-coupling 
layers in OLED devices. 
 
3.2. Synthesis 
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Scheme 3.1. Polymerizations of B3 and A2 to Pns (n=1, 2 and 3; s=a, b and c). 
 
In linear polymers, aromatic groups are easy to stack159 and to orientate, which 
destroys the isotropy of structures and thus induces birefringence111, but it seldom 
happens to hyperbranched polymers because of their branched isotropic structures. 
Besides, hb polymers are easier to prepare than dendrimers.66, 160 In this chapter, the 
“A2+B3” approach was chose to prepare hb polymers (Scheme 3.1). One reason is 
that the monomers are more easily available. In addition, the“A2+B3” approach can 
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control hyperbranched polymers’ structures and related properties by different input 
ratios of monomers. 
 
The B3 monomer 1,3,5-tris(naphthylethynyl)benzene was prepared by Sonogashira 
coupling of 1,3,5-triethynylbenzene and 1-iodonaphthalene in high yield (Scheme 
3.2). One aliphatic dithiol and two aromatic dithiols were chosen as A2 monomers 
respectively. Polymers Pna-c (n = 1, 2, 3) were synthesized by changing three 
different input molar ratios of B3 and A2 (1:1, 2:3, and 1:2, respectively). 
 
Scheme 3.2. Synthetic route to the B3 monomer 1 1,3,5-tris(naphthylethynyl)benzene.  
 
 
In previous work, the “A2 + B3” metal-free polymerizations of trialkynes and dithiols 
were conducted at 90 oC for 2 h in toluene, with AIBN as initiator. 96 In the 
polymerization of 1 and 2, the same reaction temperature, time, and initiator were 
applied. At first, the same concentrations of alkyne and thiol group were put into the 
polymerization to optimize the reaction condition. After the concentration of B3 was 
varied from 0.1 M to 0.4 M, it was found that the concentration of 0.3 M allowed 
achieving the hb polymer P1b with highest molecular weight and yields (Table 3.1). 
Then B3 monomer of 0.3 M was reacted efficiently with A2 monomer 2 in three 
different molar ratios, i.e. B3 : A2 = 1:1, 2:3, 1:2 (Scheme 3.1), providing the related 
P1a, P1b and P1c with good solubility after 2 h. 
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Table 3.1. Synthesis of hyperbranched polymers P1 from trialkyne 1 and dithiol 2 of 
different concentrations at 90 oC for 2 h in toluene. a) 
Entry 
[C≡C]         
[mol. L-1] 
[C≡C] : [SH] 
Mw                   
[g mol-1]b) 
Ðc) 
Yield        
(%) 
Solubilityd) 
P1b-1 0.3 1:1 14,100 3.5 55 good 
P1b-2 0.6 1:1 38,600 6.9 66 good 
P1b-3 0.9 1:1 264,000 22.4 86 good 
P1b-4 1.2 1:1 -- -- -- gel 
P1a 0.9 3:2 11,000 3.6 70 good 
P1b 0.9 3:3 625,000 34.2 88 good 
P1c 0.9 3:4 34,600 5.1 59 good 
 
a) 5 mol% AIBN per [SH] for all items; 
b) Determined by GPC in chloroform (light scattering detection);  
c) Ð = Mw/Mn, determined by GPC in chloroform;  
d) The solubility of polymers was tested in THF, chloroform, and dichloromethane 
(good: about 30mg/0.5 mL could be easily dissolved). 
 
Similarly, in the preparation of hb P2s, the same concentration of alkyne and thiol 
group was firstly put into the polymerization to optimize the concentration. After the 
concentration of 1 was varied from 0.05 M to 0.15 M, it was found that a 
concentration of 0.1 M allowed achieving the hb polymer P2b with highest molecular 
weight and good yield. The optimized concentration of trialkyne of 0.1 M was then 
set as constant, and three different ratios of A2 3 were reacted with B3 in three 
different molar ratios, i.e. molar ratio of B3: A2 = 1:1, 2:3, 1:2, providing the related 
P2a, P2b and P2c with good solubility after 2 h (Table 3.2). 
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Table 3.2. Synthesis of hyperbranched polymers P2 from trialkyne 1 and dithiol 3 of 
different concentrations at 90 oC for 2 h in toluene. a) 
 
Entry 
[C≡C]         
[mol. L-1] 
[C≡C] : [SH] 
Mw                   
[g mol-1]b) 
Ðc) 
Yield        
(%) 
Solubilityd) 
P2b-1 0.15 1:1 11500 2.80 37 good 
P2b-2 0.30 1:1 85200 7.54 70 good 
P2b-3 0.45 1:1 -- -- -- gel 
P2a 0.30 3:2 7,500 2.9 70 good 
P2b 0.30 3:3 134,400 11.3 87 good 
P2c 0.30 3:4 32,200 4.9 59 good 
 
a) 5 mol% AIBN per [SH] for all items; 
b) Determined by GPC in chloroform (light scattering detection);  
c) Ð = Mw/Mn, determined by GPC in chloroform;  
d) The solubility of polymers was tested in THF, chloroform, and dichloromethane 
(good: about 30mg/0.5 mL could be easily dissolved). 
 
Similar to P1 and P2, in the preparation of hb P3s, at first, the same concentration of 
alkyne and thiol group was put into the polymerization to optimize the concentration, 
but reasonable high molecular weight could only be obtained when the monomer 1 
concentration was increased significantly to 1 M (Table 3.3). In the following, 
keeping the concentration of B3 as constant at 1 M, the hb polyvinylsulfides P3a-c 
were obtained in high yields after 2 h, by changing the concentration of A2 to reach 
molar ratios of B3: A2 of 1:1, 2:3 and 1:2. 
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Table 3.3. Synthesis of hyperbranched polymers P3 from trialkyne 1 and dithiol 4 of 
different concentrations at 90 oC for 2 h in toluene. a) 
entry 
[C≡C] 
[mol.L-1] 
[C≡C] : [SH]  
Mw 
[g.mol-1]b) 
Ðd) 
Yield  
(%) 
solubilitye) 
P3b-1 0.3 1:1 900 1.41 64 good 
P3b-2 0.6 1:1 1,100 1.35 69 good 
P3b-3 0.9 1:1 1,200 1.40 77 good 
P3b-4 1.2 1:1 1,800 1.62 78 good 
P3b-5 1.5 1:1 2,000 1.71 80 good 
P3a 3.0 3:2 1,600/6,200c) 1.59 76 good 
P3b 3.0 1:1 13,000/37,300c) 3.26 92 good 
P3c 3.0 3:4 9,700/30,100c) 3.73 89 good 
 
a) 5 mol% AIBN per [SH] for all items 
b) Determined by GPC in chloroform (Agilent 1260 Infinity Series, RI detection) 
c) Determined by GPC in chloroform (Waters Alliance HPLC System, MALS 
detection)  
d) Ð = Mw/Mn, determined by GPC in chloroform (Agilent 1260 Infinity Series, RI 
detection)  
e) The solubility of polymers was tested in THF, chloroform, and dichloromethane  
(good: about 30mg/0.5 mL could be easily dissolved). 
 
Thanks to the amorphous structure, the obtained hyperbranched polymers are 
completely soluble in common organic solvents161, such as THF, chloroform, and 
dichloromethane, even for polymer P3 with very rigid components. It was also noted 
that the stoichiometric ratio of functional groups results in the highest molecular 
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weight accompanied with a very broad dispersity, but no macroscopic gelation was 
observed for any samples under the used conditions.  
 
3.3. Characterization 
3.3.1. NMR analysis 
 
Figure 3.1. 1H NMR spectra of P1a – P1c (a-c) measured in CD2Cl2. 
 
The hb polymers P1 were characterized by 1H and quantitative 13C NMR 
spectroscopy (Figures 3.1 and 3.2). Both spectra allowed calculating the ratio of A2 
and B3 monomer in the polymer from the total intensity of aliphatic and aromatic 
protons and carbons, respectively. The ratios for the input A2 (2): B3 (1) were obtained 
as following values: P1a 1.22 (1H), 1.14 (13C), 1 (feed); P1b 1.67 (1H), 1.64 (13C), 1.5 
(feed); P1c 2.12 (1H), 2 (13C), 2 (feed). The contents of the trialkyne monomer 1 in all 
samples were slightly lower than expected from the monomer feed. The unreacted 
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thiol in P1b and P1c could be observed at ~34 ppm (CH2CH2SH) and ~24.5 ppm 
(CH2SH) by 
13C NMR signals whereas the excess of alkyne in P1a could be proved at 
~94 ppm and ~89 ppm by 13C NMR signals (Figure 3.2).  
  
Figure 3.2. 13C NMR spectra of P1a – P1c (a- c) measured in CD2Cl2. 
 
Due to the overlapping of the NMR spectra, it was impossible to have a detailed 
insight into the polymer P1a-c structure. Theoretically, the addition of a thiol radical 
to the non-symmetrically substituted ethynyl bond of 1 could result in four vinyl 
sulﬁde isomers as shown for the model reaction of 7 with hexanethiol 8 in Scheme 
3.3. In model reaction 1a (Scheme 3.3a), 7 reacted with 8 under similar conditions as 
applied for polymerization, therefore the ratio of the reaction mixture could provide a 
crude estimation of the substitution pattern in the polymers. The 1H and 13C NMR 
spectra of raw product of the model reactions was also complex, but by applying 1D 
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and 2D NMR techniques, the characteristic signals and molar ratio of the four isomers 
9-E, 9-Z, 10-E, and 10-Z could be identified (see Chapter 5). The thiol radical 
tended to add at ethynyl carbon from the phenyl group with more than 80% 
probability due to its lower steric effects, therefore, similarly, in the hyperbranched 
polymer, the addition of thiol radical to the ethynyl group preferably occurred at the 
phenyl site. Besides, no proton signals at 4.0–4.5 ppm were detected, indicating no 
bis-adduct formed due to the steric effect of bulky naphthyl site, even in model 
reaction 1b (Scheme 3.3b) with fivefold excess of 8 and prolonged reaction time. 
Only applying very harsh conditions (tenfold thiol excess, 20 h reaction time; model 
reaction 1c) (Scheme 3.3c) the signals at 5.25 and 4.45 ppm in 1H NMR attributed to 
methine group could be found with very low intensity, which also shows signals at 
56.9 and 56.7 ppm and at 49.9 and 48.7 ppm in the 13C NMR.  
 
 
 
Scheme 3.3. Model reaction 1 of alkyne 7 and thiol 8, a) 7:8 = 1:1, reaction time = 
2h; b) 7:8=1:5, reaction time = 12h; c). 7:8 = 1:10, reaction time = 20h.  
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In order to study the structure of P2, the model reaction 2 was performed between 
alkyne 7 and thiol 11 (Scheme 3.4). In Figure 4.3 and Figure 4.4, the hb polymers 
P2a–c and the model compounds were also studied by 1H and quantitative 13C NMR 
spectroscopy, respectively. All the polymers showed broad signals between 6 and 8.5 
ppm and narrow line of the end groups. The signals at 89 and 94 ppm in 13C NMR 
proved the presence of alkyne units in P2a and P2b, respectively. In P2b and P2c, 
broad signals at 3.1-3.8 ppm in 1H NMR spectroscopy attributed to the SH could be 
clearly observed, and the disappearance of these signals with addition of CF3COOD 
due to the H-D exchange confirmed this assignment. No signals in the range of 4-5.5 
ppm could be observed neither for the polymers nor for model reactions under harsh 
conditions, thus confirming that the reaction to form bis-adducts 1,2-dithioethers was 
hampered due to steric hindrance of bulky naphthyl and phenyl sides.133, 145 
 
Scheme 3.4. Model reaction 2 between alkyne 7 and thiol 11, a) 7:11 = 1:1, Reaction 
time = 2h; b) 7:11 =1:10, Reaction time = 24h. 
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.  
Figure 3.3. 1H NMR spectra of (a) the product mixture obtained from a model 
reaction of 7 and 11 (1:1) and of the hb polymers P2a–c (b-d) obtained from varying 
A2/B3 ratios (solvent: CD2Cl2). 
 
Figure 3.4. 13C NMR spectra (a) the product mixture obtained from a model reaction 
of 7 and 11 (1:1) and of the hb polymers P2a–c (b-d) obtained from varying A2/B3 
ratios (solvent: CD2Cl2). 
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Figure 3.5. 1H NMR spectra of P3a–P3c (a- c) measured in CD2Cl2. 
 
The hb polymers P3a–c were also studied by 1H and quantitative 13C NMR 
spectroscopy (Figure 3.5 and Figure 3.6). In both, 1H NMR and 13C NMR, no 
indications for the formation of bis-adducts could be detected, as for P1 and P2. Also, 
the signals in the 1H NMR spectra for P3b and P3c were broader than P3a, 
confirming their higher molecular weights. In addition, the spectra provided some 
information about residual alkyne and thiol groups. The broadened signal at 3.1–3.8 
ppm in the 1H NMR spectra of P3b and P3c resulted from residual SH protons103 and 
the amount for P3c is even higher due to the excess input of A2 monomer 4. Signals of 
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alkyne units at ~89 and ~94 ppm103, 146in 13C NMR proved their significant presence 
in P3a and traces also in P3b and P3c. For P3a, unreacted naphthylethynyl groups 
could be observed with signals at 8.54 ppm even in the 1H NMR spectrum, due to 
excess input of B3 monomer  (B:A = 3:2). This indicated that even at excess of one of 
the functional groups, conversion of thiols with alkynes could be no completely. The 
high monomer concentration made the reaction system very viscous, which reduced 
the diffusion of the monomers or oligomers towards the reaction sites.  
  
Figure 3.6. 13C NMR spectra of P3a–P3c (a-c) measured in CD2Cl2 
 
3.3.2. IR spectra 
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Figure 3.7. IR spectra of monomers a) 2 and  b) 1 and c) their polymer P1b.  
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Figure 3.8. IR spectra of polymers P1a-c.  
 
The IR spectra of P1b and its monomers 1 and 2 are given in Figure 3.7. The 
stretching vibration bands of 2206 and 2542 cm-1, can be ascribed to C≡C of 1 and -
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HS of 2 respectively. Both of the two bands are absent in the spectrum of P1b, 
indicating that the triple bond of monomer 1 and thiol group of monomer 2 has been 
almost consumed during the thiol-yne polymerization. The IR spectra of polymers 
P1a, P1b and P1c were also compared in Figure 3.8. P1c showed a small absorption 
of at 2542 cm-1 attributed to thiol groups, and P1c also showed the strongest 
absorption of around 2900 cm-1 and 1465 cm-1 assigned to aliphatic groups’ stretching 
and bending vibrations, due to the excess input of the A2 monomer 2. However, there 
was no evident triple bond’s stretching vibration bands in P1a in spite of its excess as 
proved by 13C NMR spectroscopy. Because the triple bonds in monomer 1 showed 
weak absorption due to di-substitution, even lower triple bonds content in P1a cannot 
be detected.  
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Figure 3.9. IR spectra of monomers a) 1and b) 3 and c) their polymer P2b. 
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Figure 3.10. IR spectra of polymers P2a-c. 
 
The IR spectra of monomers (1 and 3) and their polymer P2b were displayed in 
Figure 3.9. There were two significant bands at 2206 and 2542 cm-1, attributed to 
stretching vibration of C≡C in monomer 1 and –SH in monomer 2 respectively, but 
these two bands disappeared in P2b, suggesting the alkynes and thiols have been 
consumed substantially during the formation of P2b. The spectra of P2a, P2b and 
P2c were also shown in Figure 3.10. Different from P1s, neither stretching bands 
around 2900 cm-1 nor bending bands round 1465 cm-1 of aliphatic segments were 
detected in P2s, due to the replacement of the aliphatic monomer 2 by the aromatic 
monomer 3. Compared with P2b, P2a and P2c showed strong absorption at 2206 and 
2542 cm-1, indicating that these two polymers contained unreacted alkyne and thiol 
groups respectively, due to the excess input. 
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Figure 3.11. IR spectra of monomers a) 1and b) 4 and c) their polymer P3b. 
 
4000 3000 2000
 P3a
 P3b
 P3c
Wavenumber (cm
-1
)
1600 1200 800
CC
 
2600 2400 2200
S-H
 
Figure 3.12. IR spectra of polymers P3a-c. 
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The IR spectra of monomers (1 and 4) and their polymer P3b were displayed in 
Figure 3.11. The prominent signals in the monomers at 2206 and 2542 cm-1, 
attributed to stretching vibration of C≡C in monomer 1 and –SH in monomer 4, 
respectively, are reduced significantly in P3b, suggesting that the alkynes and thiols 
have been consumed substantially during the formation of the polymers. The IR 
spectra of polymers P3a-c are displayed in Figure 3.12. The comparison of the IR 
spectra of P3a-c indicates that all polymers still contain thiol and alkyne groups, even 
though to a different extent, indicating incomplete reaction even at high monomer 
concentration, and confirming the NMR results. 
3.3.3. Thermal properties 
 
The hb polymers P1, from P1a to P1c, lost 5% of their weight at 382, 352 and 343oC, 
and they showed glass transition temperatures at 99, 96 and 75oC, respectively 
(Figure 3.13). These differences in the thermal behavior can be explained by the 
different contents of the polymers’ components. All P1s are constituted by two parts: 
one is a soft, thermally less stable part (hexyl group); the other is a rigid, thermally 
stable part (aromatic structure). From P1a to P1c, the content of monomer 1 becomes 
smaller, which means the rigidity of the polymer was reduced. In general, P1a 
contains the highest concentration of rigid structures ( residues of monomer 1 ) and 
hence shows the highest Td5% and Tg, while P1c has the highest amount of soft units 
(hexyl group), so it exhibited the lowest Td5% and Tg. 
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Figure 3.13. TGA thermograms and DSC curves of P1. a) TGA thermograms and b) 
DSC curves recorded under nitrogen at a heating rate of 10 k.min-1.  
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Figure 3.14. TGA thermograms and DSC curves of P2. a) TGA thermograms and b) 
DSC curves recorded under nitrogen at a heating rate of 10 k.min-1.  
 
Polymers P2 did not contain alkyl parts and all components in P2’ structure are rigid, 
so they exhibited better thermal stability than P1. From P2a to P2c, they lost 5% of 
their weight at 420, 400 and 375 °C. Within the polymeric structure, the thiol end 
group was the least thermally stable unit, therefore from P2a to P2c, with the 
increasing input of dithiol, Td5%, as an important index of the thermal stability, 
decreased accordingly. Besides, P2a-c exhibited significantly higher Tg values of 141, 
a) b) 
a) b) 
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172 and 147 oC, respectively (Figure 3.14). As P2b had the highest molecular weight 
and the lowest fraction of unreacted end groups, it showed the highest Tg compared to 
P2a and P2c. The present of polar thiol end groups in P2c lead to higher Tg value 
compared to that of P2a.  
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Figure 3.15. TGA thermograms and DSC curves of P3. a) TGA thermograms and b) 
DSC curves recorded under nitrogen at a heating rate of 10 k.min-1.  
 
Similar to P2, polymers P3 also exhibited good thermal stability. As shown in the 
TGA spectra (Figure 3.15a), P3a-c lost 5% of their weight at 427, 410, and 367 oC. 
The decreasing Td5% from P3a to P3c could be explained by increasing amount of 
thiol end groups. The glass transition temperatures (Tg) for P3a to P3c (Figure 3.15b) 
were 156, 174 and 163 oC, respectively. Compared with P3b, P3a and P3c had lower 
molecular weight and higher content of unreacted alkyne or thiol groups, explaining 
lower Tg. Furthermore, the thiol end group induced a higher polarity than the alkyne 
group, which can contribute to the higher Tg of P3c compared to P3b. 
 
 
a) b) 
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3.3.4. Optical properties 
  
 
 
Figure 3.16. AFM height images of polymer films on silica wafers: a) and b) P1b 
film; c) and d) P2b film (Ra value 0.3); e) and f) P3b film, area 10 µm ×10 µm.  
 
All polymers P1-3 can be spin-coated onto silica-wafers to form films of high quality 
as shown by atomic force microscopy (AFM) and by low roughness data given in 
Table 3.4. Even the polymers P1b, P2b and P3b with high molecular weight could 
give high quality films (Figure 3.16), although the roughness values can vary for 
different films from the same polymer sample.  
a)
0)    
b)
0)    
e)
0)    
f)
0)    
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Figure 3.17. Optical properties of polymers. UV-vis absorbance of a) P1, c) P2 and e) 
P3; refractive index of b) P1, d) P2 and f) P3. 
 
The absorption spectra of the polymer solutions and films are shown in Figure 3.17a, 
Figure 3.17c and Figure 3.17e. In the UV region, all the polymers exhibited low 
absorption, and they share nearly the same absorption behavior with the main 
a)
0)    
b)
0)    
c)
0)    
d)
0)    
e)
0)    
f)
0)    
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absorption peak at about 324 nm resulting from the aromatic ring. However, there was 
an additional shoulder at about 344 nm in Pna (n =1, 2, 3), indicating the presence of 
unreacted triple bonds. In the visible wavelength regime (400-760 nm), the polymer 
solutions showed no absorption at all. Compared with their solutions, all the polymer 
films showed very similar absorption patterns with a slight red-shift of the main UV 
absorption peak, and high transparency in the wavelength regime with negligible 
absorption, both due to increased optical density. 
 
The RI values of these hyperbranched polymers were measured by ellipsometry 
(Table 3.4, Figure 3.17b, Figure 3.17d and Figure 3.17f). Thanks to the 
incorporation of high molar refractive moieties of both sulfur groups and aromatic 
rings, the obtained RI values of P1-P3 are close to the highest reported RI value for 
polymeric materials. Compared with hexyl chain, benzene and sulfur, naphthalene 
units exhibit the highest molar refraction. Therefore with the highest contents of 
naphthalene moieties, P3 exhibited the highest RI values (1.7877, 1.7899, and 1.7919 
at 589.3 nm for P3a, P3b and P3c respectively). Also due to the lower amount of 
naphthalene, the RI values within P1 are decreasing from P1a to P1c (1.7454, 1.7245 
and 1.7132 respectively at 589.3 nm), and it also happens to P2, with the RI values 
decreasing from P2a to P2c (1.7839, 1.7778 and 1.7683 at 589.3 nm respectively). 
Also due to the higher molar refraction of benzene compared to alkyl chain, P2a-c 
exhibit higher RI than their alkyl-containing counterparts P1a-c. The Abbe numbers, 
indicating the variation of the refractive index over the wavelength range, are also 
calculated and the values turned out to be lower than 20 (Table 3.4), in agreement 
with those of most polymers (lower than 20).  
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Table 3.4. Refractive Index and Abbe Number of P1-P3 measured as spin-coated 
film.a) 
 
item 
thickness 
(nm) 
Raa) 
(nm) 
RIb) 
486.1 nm 
RIb) 
589.7nm 
RIb) 
656.3 nm 
Abbe 
numberc) 
P1a 92 0.2 1.7818 1.7454 1.7309 14.6 
P1b 95 0.2 1.7560 1.7245 1.7117 16.4 
P1c 89 0.3 1.7435 1.7132 1.7015 17.0 
P2a 78 0.6 1.8251 1.7839 1.7654 13.1 
P2b 90 1.5 (0.3)d) 1.8185 1.7778 1.7597 13.2 
P2c 89 0.2 1.8060 1.7683 1.7525 14.4 
P3a 146 0.3 1.8333 1.7877 1.7676 12.0 
P3b 127 0.3 1.8370 1.7899 1.7697 11.7 
P3c 145 0.2 1.8382 1.7919 1.7708 11.7 
NPB 70 n.d. 1.8408 1.7778 1,7576 9.3 
 
a) Roughness average obtained from AFM measurements; 
b) Refractive index is represented by Fraunhofer D, F and C lines (589.3 nm, 486.1 nm 
and 656.3 nm respectively); 
c) Abbe number is calculated through the formula below: 
                          CF
D
D nn
n



1

,  
    Where,
Dn , Fn  and Cn  are the refractive indices of the material at the wavelengths 
of the Fraunhofer D-, F- and C-spectral lines. 
d) Several films have been prepared from the sample and analyzed by AFM and in 
those the roughness values vary even under identical preparation conditions. 
Values as low as 0.3 nm have been measured. 
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Thus, the hyperbranched polymers exhibited very high RI values, high transparency 
and good film-formability, and therefore possessed very high potentials as HRI 
materials for optical applications.   
 
3.3.5. OLED performance 
 
(This work regarding the preparation and measurement of OLED devices was 
performed by Paul Anton-Will from the Institute of Applied Photophysics at TU 
Dresden.) 
 
In order to investigate the optical and electrical influence on device performance, hb 
polymers P2a and P2b were applied as light outcoupling layer in an state-of-the-art 
phosphorescent red OLED (Figure 3.18a and 3.18b), meanwhile a reference OLED 
device with N,N'-di(naphthalene-1-yl)-N,N'-diphenylbenzidine (NPB) outcoupling 
layer of 70 nm was also built for comparison. As a typical organic semiconductor, 
NPB has the RI value of 1.7778 at 589.3 nm (Table 3.4, Figure 3.18b), which 
matches extremely well with that of P2b. Besides, when compared with P2a and P2b, 
NPB exhibits lower Abbe number and therefore higher dispersion, and it does not 
have any chance to construct films or other structures to further increasing EQE of the 
OLED device, due to its low molecular weight. 
 
According to Figure 3.18a, 3.18c and 3.18d, highly efficient OLEDs could also be 
prepared, when NPB was replaced by P2a and P2b. More importantly, the forward 
current is not influenced significantly by HRIPs contrasted, compared to the NPB 
containing reference OLED. As seen from those curves (Figure 3.18c), P2b 
performance was nearly the same as the reference OLED while P2a increases the 
leakage current to nearly one order of magnitude. Since most reported outcoupling 
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materials make the OLEDs electrically unstable, the excellent performance of P2b 
without increasing the current leakage is quite exciting. Furthermore, although the 
highest luminance value was achieved by the optimized reference OLEDs (Figure 
3.18c), the luminance of the OLEDs with the HRIP layer were also comparable, with 
very low difference. 
 
 
Figure 3.18. Picture of a) the OLED device made with P2b as outcoupling layer, b) 
OLED layer architecture, c) current-voltage-luminance characteristics, d) and external 
quantum efficiency versus luminance of the OLEDs tested in this work. The thickness  
of the NPB, P2a, and P2b layer is 70 nm, 77 ± 7 nm, and 90 ± 2 nm, respectively.103 
(Reproduce with permission from John Wiley and Sons.) 
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Through optical simulation162, 163, the outcoupling efficiency for the NPB-, P2a-, and 
P2b-OLED was calculated to be 30.9 %, 30.1 %, 29.9 %, respectively, which lead to 
the similar EQE and a maximum EQE of more than 20 % in three OLED devices 
(Figure 3.18d). The good match of RI data between NPB and HRIPs P2a and P2b is 
the main reason for the similar outcoupling efficiency and further EQE.  
 
It has to be noted that a planar HRIP layer on glass cannot increase further the light 
out-coupling efficiency in OLEDs, due to limitation of the HRIP layer/glass interface. 
Therefore, these experiments can be considered as a preliminary study for future 
investigations, where light scattering structures or micro lens can be added or a glass-
free OLED on HRIP substrate can be prepared. The presented HRIPs proved ideally 
suitable for that, because of their high molar mass, easy process, high films quality, 
and no harm to electrical instabilities. 
 
3.4. Conclusion 
 
In the chapter, a novel alkyne B3 monomer with high content of naphthalene moiety 
was prepared in high yield through one-step Sonogashira coupling. Through radical-
initiated metal-free thiol-yne addition, B3 monomer and three commercially available 
A2 monomers (hexane-1,6-dithiol, 1,4-dithiolbenzene and 1,5-dithiolnaphthalene) 
with three different molar ratios (1:1, 2:3 and 1:2) could be polymerized in toluene at 
90 oC for 2h using AIBN as initiator respectively to produce soluble hb polymers of 
three groups P1a-c, P2a-c and P3a-c. The increased steric hindrances from hexane-
1,6-dithiol to 1,4-dithiolbenzene and 1,5-dithiolnaphthalene also decreased the 
molecular weight from P1 to its counterparts P2 and P3. Besides, during the 
polymerization, a lower concentrations of monomers could provide P1 and P2 with 
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high molecular weight (Mw up to 625, 000 g.mol
-1), but P3 with proper molecular 
weight can be only obtained by feeding bulky monomers at higher concentrations. 
 
From structural analysis, no bis-adducts were formed during the polymerization in all 
polymers. Only the excess input group could be observed for P1 and P2 due to high 
conversion, while the both groups could be observed in all P3 due to the induced high 
viscosity and bad diffusion in the system. These polymers are thermally stable (Td5%  
340oC) and exhibit reasonable high glass transition temperatures, and they also 
showed high transparency in the visible range in solution as well as in films. Most 
importantly, they exhibit for polymers very high refractive index values because of 
the high contents of benzene, naphthalene and sulfur groups.  
 
The HRIPs P2a and P2b were tested for the compatibility of state-of-the-art OLEDs 
by laying on bottom of the phosphorescent monochrome OLEDs, and the result 
suggested HRIPs do not deteriorate at all the performance of the OLEDs while 
maintaining external quantum efficiencies (EQE) of over 20 % for phosphorescent red 
OLED. These results pave way for a cheap, scale-up outcoupling materials with good 
matching in RI of the OLED materials, while the out-coupling layers with small 
molecular weight is not accessible so far. (The preparation and measurement of 
OLED devices were performed by Paul Anton-Will from the Institute of Applied 
Photophysics at TU Dresden.) For further research, these HRIPs can also be served as 
micro lens or as matrix materials for light scattering particles to increase the light out-
coupling efficiency.164 
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4. Poly (9-benzophenonyl-3, 6-carbazole)‘s  
 
4.1. Introduction 
 
Nowadays, various conjugated polymers have been prepared and applied in opto-
electronic area. Compared with small-molecules, the conjugated polymers excel in 
low-cost and vast area application, through “wet” processability via the spin-coating 
or ink-jet printing at lower temperature, which is a preferred technology in the device 
fabrication.165, 166 Since the first polymer poly(p-phenylenevinylene) was applied in 
the OLED areas as emitting materials,99 various OLED polymer materials have been 
developed.167  
 
As the traditional luminescent materials, the fluorescent materials have low IQE due 
to its limited conversion of 25% singlet excitation to protons.168, 169, while thermally 
activated delayed fluorescence (TADF)170 can can achieve 100% IQE through 
upconversion of triplet excitons to singlet ones via RISC with thermal energy. 
Therefore a lot of TADF emitters were designed and studied, however, up to now, 
only a limited number of polymers exhibiting TADF were designed and prepared.21, 38, 
171 One main reason is the limited design methods and complex preparation, which 
differ in introducing TADF units to the polymer main chains or as pendant group.9, 40 
 
In this thesis, a new synthesis methodology for achieving the TADF property in 
polymers by increasing the conjugation length was developed. The monomer was 
strategically designed by linking electron-accepting benzophenone with electron-
donating carbazole, without the TADF property due to a little larger ΔEST. The 
polymer was prepared by linking carbazole as electron-donating conjugated main 
chain, pended by benzophenone as electron-accepting group. Due to the prolonged 
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conjugating length and therefore delocalized molecular orbits, the polymer shows 
TADF property. The appearance of the TADF in resulting polymer was attributed to 
an extension of the pi-conjugated electron-donating system which reduces the 
effective energy split between the respective 1,3CT charge transfer states to ST = 
0.19 eV.  
 
4.2. Result and discussion 
 
4.2.1. Synthesis of monomers and polymer 
 
The monomers 14-15 were isomers with different bromo-substitution of carbazole 
unit. Both isomers (14 and 15) and model compound 16 were straightforwardly 
prepared in about 70% yield from the corresponding carbazoles by nucleophilic 
substitution with (4-(dodecyloxy)phenyl) (4-fluorophenyl)methanone using Cs2CO3 
as a base. And the chemical structures of the related compounds14-16 were given in 
Scheme 4.1.  
 
Scheme 4.1. Chemical structures of 14, 15 and 16. 
 
Because of benzophenone’s intolerance with many organic metallic agents (e.g. 
Grignard and Lithium agent) and also in order to avoid further modification, the 
Yamamoto polymerization was utilized. Several polymerizations were carried out to 
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optimize molecular weight and yield of the polymer P14. Results obtained by 
variation of solvent mixture (THF/DMF vs. toluene/DMF, 1:1 v/v) and reaction 
temperature (80 – 120°C) at a reaction time of 48 h are summarized in Table 4.1. 
Only moderate molecular weights (Mw ~ 8.5 kDa; Mn ~ 5 kDa) were obtained in 
toluene/DMF at all temperatures whereas polymers with Mw = 15.0 - 20 kDa (Mn ~ 
7.5 kDa, n ~ 14) and excellent yield of ~97 % were obtained in THF/DMF at 80°C. 
(Table 4.1). Reducing the molar excess of Ni from 2.5 to 1 under these conditions 
does not significantly influence the yield but the molecular weight decreases (Table 
4.2). However, neither THF/DMF nor Toluene/DMF can produce soluble polymer 
P15 in a soluable state, even at 70 oC just for 30 min, which might be explained by 
more stiff main chain of linear polymer achieving from the 2,7-linked carbazole 
compared to its counterpart polymer P14, based on 3,6-linked isomer.  
 
 
 
Scheme 4.2. Synthesis route to polymers P14-P15. 
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Table 4.1. Synthesis of P14 and P15 in different solvent mixtures at different 
temperatures. a) 
entry solvent b) T 
(oC) 
Mw 
(g mol-1) c) 
Ð d) yield 
(%) 
solubility e) 
P14a THF + DMF 70 6,600 1.22 80.0 good 
P14b1/    
P14b2
 f) 
THF + DMF 80 
15,000  
20,500 
1.92  
2.85 
96.5/ 
97.2 
good 
P15 THF + DMF 70 -- -- -- insoluble 
P14c Toluene + DMF 80 7,300 1.43 82.3 good 
P14d Toluene + DMF 90 9,400 1.59 88.2 good 
P14e Toluene + DMF 100 8,200 1.55 83.2 good 
P14f Toluene + DMF 110 8,700 1.50 87.0 good 
P14g Toluene + DMF 120 7,900 1.46 82.6 good 
 
a) Concentration: [14] (or [15]) = 0.1 M, [Ni]:[14] (or [15])  = 2.5 : 1, Polymerization 
time t = 48h for P14, t = 20 min for P15; 
b) Ratio: 1 : 1 v/v; 
c) Determined by SEC in THF (LS detection); 
d) Ð = Mw/Mn, determined by SEC in THF (RI detection); 
e) The solubility of polymers was tested in THF, chloroform, and DCM; 
f) Repeat experiment. 
 
Table 4.2. Synthesis of P14 using different catalyst to monomer ratios for 48h at 80o 
C in THF : DMF= 1 : 1 (v/v). 
entry [Ni]:[M1] 
Mw 
(g mol-1)b) 
Ðc) 
yield 
(%) 
solubility d) 
P14h 1.5 : 1 11,000 1.90 89.4 good 
P14i 2 : 1 13,900 1.91 94.1 good 
P14j 2.5 : 1 15,200 1.91 96.9 good 
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a) Concentration: [14] = 0.1 M; 
b) Determined by SEC in CDCl3 (calibration with polystyrene standards);  
c) Ð = Mw/Mn, determined by SEC in CDCl3;  
d) The solubility of polymers was tested in THF, chloroform, and DCM 
 
Besides, different ratios of catalyst to monomer were also investigated to obtain the 
higher molecular weights. As is seen from Table 4.2, [Ni] : 12 of three molar ratios 
(1.5:1, 2: 1 and 2.5:1 ) were tested by conducting the polymerization of P14 in 
THF/DMF solvent at 80oC for 48 hours.  The result turned out that in the studied 
range, the molecular weight increased with higher input of nickel catalyst, and the 
2.5 : 1 molar ratio of [Ni] : 14 can give the highest molecular weight up to 15200 
g.mol-1. 
. 
4.2.2. Structural characterization 
 
 
Scheme 4.3. Chemical structures of P14, compounds 16 and 22. 
 
The structure of P14 was characterized by NMR spectroscopy (Figure 4.1 and Figure 
4.2). All signals of the repeating unit could be assigned based on the NMR data of the 
model compounds 16 and 2,7-diphenyl-9-phenyl-9H-carbazole 22 (Scheme 4.3). 
However, no end group signals could be identified by spectra comparison with 14 as 
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model for Br end groups and with 16 as model for H end groups although the degree 
of polymerization is only moderate (n ~ 14). Neither bromine nor residual nickel was 
found by SEM/EDX measurements (Figure 4.3). That points to cyclization reactions 
which are well known for polycondensations of kinked monomers. Thus, Ostrauskaite 
and Strohriegl[28] found that significant amounts of cyclic structures, mainly the 
tetramer, are formed in the polycondensation of structurally similar 3,6-dibromo-(2-
ethylhexyl)carbazol. Figure 4.4 depicts the MALDI-TOF mass spectrum of P14b. In 
fact, the cyclic tetramer dominates the spectrum but also macrocycles up to n = 18 can 
be proven. No linear structures could be found confirming the conclusions from NMR 
spectroscopy. In the almost flat tetramer structure[28], the H4 proton located inside the 
ring causes the deshielded proton NMR signal at 8.96 ppm whereas in larger 
macrocycles this proton results in signals in the 8.7 – 8.3 ppm region (Figure 4.1). 
The integral ratio allows to determine the ratio of repeating units in tetramer and 
larger macrocycles. Generally, the content of repeating units in macrocycles 
calculated from NMR integral values is significantly larger than the corresponding 
value calculated from peak intensities in the MALDI-TOF mass spectrum (Figure 
4.4). It is obvious that larger macrocycles and probably also linear polymers are 
inadequately represented in the MALDI-TOF mass spectrum. This is also in 
accordance with the molar masses determined by SEC which are significantly higher 
than the molar mass of the tetramer (2120 g/mol) 
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Figure 4.1. 1H NMR spectra of P14b (a), 14 (b) and 16 (c). The absence of 
characteristic end group signals is indicated by red arrows (Br end group) and green 
arrows (H end group). Solvent: CDCl3. 
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Figure 4.2. 13C NMR spectra of P14b (a) and 14 (b). The absence of characteristic Br 
end group signals is indicated by red arrows. Solvent: CDCl3. 
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Figure 4.3. SEM/EDX spectrum of polymer P14b. 
 
 
 
Figure 4.4. MALDI-TOF mass spectrum of polymer P14b. The red numbers give the 
repeating units in the macrocycles and 530 g/mol is the molecular weight of a 
repeating unit. 
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Due to the carbonyl group in the monomer 14, 15 and their polymers P14b, P15 they 
show a strong absorption at 1600cm-1 in the FT-IR spectrum (Figure 4.5) and a 
chemical shift at 194 ppm in 13C NMR of P14. 
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Figure 4.5. FT-IR spectra of (left)monomer 14 and polymer P14b, and (right) 
monomer 15 and polymer P15. 
 
Thanks to the aromatic structure of the polymer P14b, it shows good thermal stability 
with Tg at 142 oC, and Td5% at 428
oC. (Figure 4.6) 
 
 
 
 
 
 
 
Figure 4.6. DSC curves (a) and TGA thermogram of P14b, recorded under nitrogen 
at a heating rate of 10 K min-1.  
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4.2.3. DFT calculation  
 
(This DFT calculation was performed by Paul Kleine from the Institute of Applied 
Photophysics at TU Dresden.) 
 
The mechanism beyond TADF, also known as E-type fluorescence, relies on a 
vanishing energy split ST between the lowest singlet S1 and triplet T1 state. Via 
vibronic sub levels, non-radiative triplet manifolds generated under 
electroluminescence might be up-converted to isoenergetic singlet states, allowing for 
radiative delayed decay. As ST is proportional to the electron exchange energy and 
hence to the overlap between highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) 35, TADF material designs are in general based 
on steric repulsive donor(D)-acceptor(A) type structures. In this spirit, D-A molecules 
enable almost degenerated charge transfer spin states 1,3CT and consequently efficient 
reversed intersystem crossing rates kRISC from T1 to S1. Nevertheless, as the spin-orbit 
coupling between the charge transfer spin states is formally forbidden in the case of 
near-orthogonal D-A structures 172, the need of an adjacent locally excited triplet state 
3LE for a non-vanishing spin-orbit coupling HSO, and hence a reasonable spin-flip rate 
kSO ~ |HSO|² is inevitable and required for efficient triplet up-conversion. To evaluate 
the frontier molecular orbitals and excited state energies, time-dependent density 
functional theory (TD-DFT) calculations (as implemented in the TURBOMOLE 
software package 173) were performed at the B3LYP/def2-SVP level for compound 16 
and a representative polymer cell P14 ( Figure 4.7) consisting of an isolated 
monomer in gas-phase, linked at its 3, 6-positions to its nearest neighbors. In order to 
facilitate the calculation, the trimers of 14, on behalf of P14 was studied.  
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Table 4.3. Excitation energies for the most relevant singlet and triplet states involved 
in the conical intersections and up-conversion process of P14, as well as their 
molecular orbital transition coefficients, ground state reorganization energies Grd 
transition dipole moments (D) and oscillator strengths f(r). 
 
Emitter 
Exicited 
State 
Geometry 
Electronic 
Structure 
T 
type 
λGrd 
(eV) 
ES,T 
(eV) 
μ 
(D) f 
16 S1 S0 (0.97) πH → π*L 
1CT  3.31 4.36 0.24 
  1CT (0.89) πH → π*L 
1CT 0.05 3.06 5.25 0.32 
  
S2 
 
S0 
(0.09) n0πH-2 → π*L      
 (0.70) n0πH-3 → π*L 
1LEDOBP  3.61 0.99 0.01 
   (0.19) n0πH-2 → π*L      
  1LEDOB P (0.45) n0πH-3 → π*L  0.42 3.24 0.68 0.01 
   (0.42) n0πH-2 → π*L      
 T1 S0 (0.44) πH → π*L 
3CT  2.82   
   (0.22) n0πH-3 → π*L      
  3CT (0.40) n0πH-2 → π*L 
3CT 0.10 2.69   
   (0.25) πH → π*L      
 T2 S0 (0.41) n0πH-2 → π*L 
3LEDOBP  2.06   
   (0.32) πH → π*L      
  3LEDOBP (0.57) n0πH-2 → π*L 
3LEDOBP 0.37 2.51   
   (0.19) πH → π*L      
         
 
S1 S0 
      
P14 (0.62) πH → π*L 
1CT  2.96 5.15 0.30 
   (0.32) πH → π*L+1      
  1CT (0.97) n0πH → π*L 
1CT 0.22 2.63 5.86 0.34 
 S2 S0 (0.09)n0πH-6→ π*L+2 
1LEDOBP  3.61 5.68 0.37 
   (0.03)n0πH-9→ π*L+2      
  1LEDOBP (0.46) n0πH-9 → π*L 
1LEDOBP 0.32 2.94 0.65 0.47 
   (0.37) n0πH-6 → π*L      
 T1 S0 (0.39) πH → π*L 
3CT  2.70   
   (0.24) n0πH → π*L+1      
  3CT (0.47) n0πH → π*L 
3CT 0.18 2.66   
   (0.23) n0πH-6 → π*L      
 T2 S0 (0.15)n0πH-6→ π*L+2 
3LEDOBP  2.77   
   (0.10) πH → π*L+2      
  3LEDOBP (0.34) n0πH-6 → π*L 
3LEDOBP 0.32 2.48   
   (0.28) 0πH → π*L      
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Figure 4.7. Molecular structures, excited state energies, frontier orbital energies and 
distributions for the isolate compound 16 and polymer unit P14 as calculated using 
TD-DFT. The geometry P14 consists of three monomer units. For both cases the alkyl 
chains were replaced by methyl groups. 
 
Figure 4.8. Schematic representation of the potential energy surfaces involved in the 
main decay and up-conversion mechanisms of compound 16 in comparison to 
polymer P14. Excited state energies in their optimized local minima with their 
respective predominant transition types are labeled.  
P14 16 
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Figure 4.9. Frontier orbitals illustrated at the optimized ground-state geometry 
labeled with the leading molecular orbital types (isovalue 0.03). For computational 
feasibility the alkyl chains were replaced to methyl groups. 
 
Eventually, as displayed in Figure 4.9, both the model compound and polymer 
feature a twisted D-A conformation with dihedral angles of M1= 50° and P1= 49° 
between the respective donor and acceptor group in their optimized ground state 
geometry. As shown, the steric repulsion results in the essential separation of the 
HOMO and LUMO distribution, while still providing a non-vanishing HOMO-
LUMO orbital overlap for a feasible radiative transition moment (Table 4.3). For 
compound 16, the lowest singlet state S1(
) in the respective optimized ground state 
is of charge transfer character, predominantly consisting of a transition. After 
populating S1(
)abs, the decay to S1(
/no
)min in the optimized 
1CT geometry is 
followed by a conical intersection (CI) with S2(no
), resulting in a local type 
1LEDOBP (no
) excitation on the DOBP (4-dodecyloxy benzophenone) moiety. As 
the TD-DFT calculations led assume, the expected prompt fluorescence of 16 should 
consequently consist most likely of charge transfer type character with minor 
P14 
16 
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contributions of 1LEDOBP(no
). Apart from that, the charge transfer type triplet 
state 3CT(/no
) of 16 accomplishes an internal conversion (IC) to a local no
 
type triplet state 3LEDOBP(no
). As demonstrated in Figure 4.9, the oxygen Ione-
pair located on the ketone group of the benzophenone derivative DOBP raises the 
no
 transition character of S2(no
) and T2(no
), mediating the relaxation to the 
dark state T2(no
) via efficient IC, as also known for pure benzophenone and similar 
derivatives 174, 175. Table 4.3 summarizes the relevant excited state energies, transition 
dipole moments, oscillator strengths, ground state reorganization energies Grd and 
predominant molecular orbital transition coefficients in the respective optimized 
geometries for 16 and P14.  
 
According to previous findings, DOBP represent a reasonable accepting unit due to its 
lowest 3LE(no
/) type triplet state. However, because of the relatively large 
dihedral angles between the donor and acceptor moieties, ST is about 0.37 eV for 
compound 16 and therefore improved electron donor and/or acceptor properties are 
required to minimize ST via the enhancement of the charge transfer character of 
S1(
/no
. As we can show, polymerization of 14 can be utilized to achieve an 
intensified charge separated  state. 
 
In comparison to compound 16, the polymer P14 shows a drastic change of the 
HOMO level from -5.6eV to -5.15 eV (Figure 4.7). While in case of compound 16 
the lowest singlet excitation 1CT(/no
) is strongly influenced by the no
 
transition, polymerization induces a HOMO destabilization via conjugation along the 
carbazole chain (s. Figure 4.8). Consequently, the strengthened donating ability of the 
carbazole backbone reduces the effective energy gap Egap= 3.33 eV and leads to an 
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enhanced charge transfer character of S1(
), as depicted in Figure 4.8 and listed in 
Table 4.3. Because of the improved electron-releasing character of the carbazole 
backbone in P14, the potential energy surface (PES) of 1CT() gets pushed far 
below the 1LEDOBP (no
) excited state, avoiding the S1(
/no
)/S2(no
) CI 
and reducing the effective energy split between the respective 1,3CT charge transfer 
states to ST = 0.19 eV. 
 
As a result, the polymer is expected to show efficient up-conversion from an at least 
partially charge transfer type triplet state 3CT(/no
)/3LE(no
/) to an adjacent 
1CT() singlet state via polymerization induced destabilization of its conjugated 
HOMO level.  
 
It was previously demonstrated that extension of the electron-donating -conjugated 
system facilitates the TADF process via the ST decrease, however this effect was 
rather marginal. This work for the first time demonstrates that TADF-silent building 
block can be converted into efficient TADF system just by increasing of the donor  -
conjugated length simply achieved by its polymerization.  
4.2.4. Optical properties 
 
In this part, the electrochemical measurement (CV, EA and IP) and photoluminescent 
properties (PL and TADF), were performed by Ramunas Lygaitis and Paul Kleine  
respectively from the Institute of Applied Photophysics at TU Dresden. The 
solvatochromic behavior was measured by Qiang Wei from IPF. 
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The polymer P14 showed evident solvatochromic behavior under 365 nm UV 
irradiation, with emitting fluorescence spanning from blue to yellow in solvents of 
toluene, THF, ODCB (orthodichlorobenzene), chloroform and DCM (Figure 4.10). 
This phenomenon can be a consequence of different solvent stabilization of 
intramolecular charge transfer (ICT) in the excited state,176, 177 and thus is a clear sign 
for TADF-type emission.  
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Figure 4.10. Solvatochromism of P14 dissolved in toluene, THF, ODCB, chloroform, 
DCM under UV light irradiating at 365 nm.  
 
To assign the origin of the charge transfer type emission profile of the -conjugated 
polymer P14, photoluminescence (PL) decay transients of 2wt% doped thin films for 
both 16 and P14 embedded in a polystyrene (PS) host matrix were investigated. 
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Figure 4.11. Time-resolved photoluminescence decay in the nano- (left) and 
microsecond (right) range of model compound 16 and P14. The inset shows the 
fractional contributions of prompt (PF) and delayed fluorescence (DF) to the total 
quantum yield (PL).   
 
Regarding the unstructured emission profile of compound 16 with an onset energy of 
3.03 eV (405 nm), which was predominantly arising from the 1CT(/no
) state. In 
addition, the phosphorescence with first vibronic band peak energy at 2.80 eV (443 
nm), can be assigned to the 3LE(no
/) emission, showing a characteristic 
vibrational structure similar to pure benzophenone 178.The local character is also 
reflected in the time-resolved PL behavior of model compound 16. As shown in 
Figure 4.11, the PL transient features a bi-exponential decay with lifetimes of 
PF,16ns and PF,16ns in the nanosecond scale, followed by 
a vanishing bi-exponential delayed fluorescence of lifetimes DF,16µs 
and DF,16µs. However, while compound 16 features a highly 
suppressed delayed fluorescence (DF) characteristics at ambient temperature, the 
decay profile of P14  bears a delayed component of multi-exponential character with 
leading contributions of DF,P14µs and DF,P14µs. 
Compound 16 
 
Polymer P14 
Compound 16 
 
Polymer P14 
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Additionally, a slight increase in the prompt lifetime of P14 with bi-exponential 
character of PF,16ns and PF,16ns (Figure 3c) occurs. 
Consequently, the intensity averaged prompt fluorescence lifetime for P14 is about 
  PF,P14ns in comparison to compound 16 with an averaged lifetime of 
  PF,16ns, assigned to an occurring stabilized CT character. Furthermore, 
the phosphorescence of P14 was measured at 77 K and is depicted in Figure 4.12. As 
can be seen, the vibrational structure of compound 16 is remained, emphasizing the 
strong local admixture of 3LE(no
/) to the predominantly  type charge transfer 
triplet state 3CT(/no
) of P14, while at the same time the first vibronic band peak 
energy is shifted to 2.64 eV.  
 
 
Figure 4.12. Emission spectra of 16 (delayed by 1 ns) and polymer P14 (steady-state 
PL) at 293 K with their respective phosphorescence spectra (delayed by 10 ms) at 77 
K. All spectra were measured in polystyrene thin films. 
 
Model Compound 16 
Polymer P14 
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According to the emission profiles in Figure 4.12, ST of compound 16 and P14 are 
calculated to 230 meV and 125 meV, showing a reasonable consistency with the 
previous TD-DFT calculations. To identify the nature of up-conversion mechanism 
within P14 and compound 16, the delayed PL intensity dependence on laser fluence 
was recorded. As shown in Figure 4.13, a linear proportionality of the integrated 
delayed fluorescence on the excitation power is observed for polymer P14 (with slope 
1.33 0.11) and compound 16 (with slope 1.28 0.13), indicating a single photon up-
conversion process as assigned to TADF. In contrast, triplet-triplet annihilation (TTA) 
mechanism would rely on a two particle collision process, giving rise to a strictly 
quadratic dependence. 40, 41, 179 However, it should be emphasized that the leading 
process can be assigned to a one particle up-conversion process. Nevertheless, 
especially in the polymer P14 additional contributions via TTA might contribute as 
indicated by the deviations to a slope of 1. 
 
Figure 4.13. Laser fluence measurements for compound 16 (left) and polymer P14 
(right). 
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Figure 4.14. Cyclic voltammetry (CV) characteristics of 16 and P14 with the 
respective measured values for electron affinity (EA) and ionization potential (IP). 
Additionally, the respective determined energy gaps Egap together with the measured 
onset energies of 1CT and the first vibronic band peak energies of 3LE/ 3CT and are 
illustrated clarifying the polymerization induced reduction of ST.  
 
The thermally activated up-conversion process leads to a photoluminescence quantum 
efficiency of PL=36 % at ambient temperature within a 2 wt% P14:PS film under 
nitrogen atmosphere, with fractional quantum efficiencies of PF=24% and DF=12%, 
as determined from the ratio DF/PF=0.53 of the integrated areas of prompt and 
delayed components from the transient PL measurements(Figure 4.11). According to 
DF/PF, reversed intersystem crossing rate (kRISC) of P14 and compound 16 with 
DF/PF=0.08  are estimated to          
   
   
 
 
   
 = (4.39 ± 0.14)·105 s-1, and 
        = (6.99 ± 0.23)·10
4 s-1 respectively 34, 179, 180. In contrast to polymer P14, 
model compound 16 shows a predominantly prompt fluorescence characteristic with 
strong admixture of 1LEDOBP (no
). However, so far the unlocking property of the 
arising TADF characteristic is still open issue. Consequently, the ionization potential 
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(IP) and electron affinity (EA) of compound 16 and P14 were determined by cyclic 
voltammetry (CV).  
 
As summarized in Figure 4.14 and already indicated in the computational part, 
polymerization of 14 induces a sweeping HOMO destabilization, going from an 
ionization potential of -5.96 ± 0.05 eV in the case of compound 16 to -5.66 ± 0.05 eV 
for P14. By implication, while P14 yields a strong CT character bearing TADF, it is 
still lacking of a primarily to high ST = 125 meV, emerging from the initial donor 
and acceptor strength of model compound 16. Nevertheless, we are the first to show a 
thermally activated delayed fluorescence polymer based on a solely fluorescent 
compound 16. Via polymerization induced destabilization of its -conjugated HOMO 
energy level, the charge transfer character of compound 16 gets drastically enhanced 
and can be furthermore pushed towards its adjacent local type triplet state, giving 
birth to TADF.  
4.2.5. Crosslinkability 
 
As a device, usually sever different functional layers are needed, the former layer 
could be dissolved by the later layer, resulting in the lower performance of the optic-
electronic devices. Therefore several methods were proposed to address this problem. 
In this regard, crosslinking was an important method to avoid dissolving. 
 
4.2.5.1. Irreversible photo-crosslinking  
 
Benzophenone, as photo-initiator or photo-crosslinker, has been already applied in 
many areas, like preparation of polymers and modification of biomaterials. Since it is 
contained in polymers P14, photo mask can control crosslinking area of P14 film 
precisely. This can be explained by the mechanism of UV-induced radical reaction of 
88 
 
benzophenone species. Under UV light, the double-bond of ketone group forms two 
radicals, oxylradical and carbonradical linked through single bond. And later an 
oxylradical obtain hydrogen from the neighboring groups, while an carbonradical 
linked with the hydrogen donor or another carbonradical (Scheme 4.3). These 
procedures can only happen in the UV radiation area, while it cannot form radicals or 
get crosslinked when covered by the photomask. Therefore assisted by UV light and 
photopattern mask, a fine photopatten of microscale can be obtained (Figure 4.15).  
 
Scheme 4.3. Irreversible crosslinking mechanism of benzophenone under UV in P14. 
 
Figure 4.15. Photopattern size: 65×825μm of P14 after UV crosslinking (365 nm UV 
lamp, 5min) left) 40× confocal microscopy, right) 100× confocal microscopy.  
 
4.2.5.2. Reversible chemical crosslinking 
 
Another property about carbonyl group is that it can turn into Schiff-base when 
reacting with amine under heating, and that the process can be reversible under acid. 
Tripropylamine with three amine groups as external crosslinking agent was 
introduced in this research. After heating the triamine- containing P14 film at 120oC 
for 4 hours, water was easily evaporated as byproduct and P14 film got crosslinked 
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and only partly soluble in chloroform. After treatment with acetic acid solution, the 
former crosslinked film was decrosslinked and dissolved again in chloroform. 
(Scheme 4.4). Through the AFM height and phase image, the roughness average of 
P14 film increase from 0.37 nm to 15.41nm after crosslinking (Figure 4.16). 
However, the increase in roughness may be derived from phase separation, which still 
needs further study.  
 
Scheme 4.4. Reversible thermal crosslinking mechanism of the triamine-containing 
P14 film. 
 
 
 
a)               b)               
c)               d)               
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Figure 4.16. AFM pictures recorded in 10×10 nm area of P14 film‘s height a) and 
phase b) before crosslinking and P14 film‘s height c) and phase d) after crosslinking. 
 
4.3. Conclusion 
 
In this chapter, the building block (4-(3,6-dibromo-carbazol-9-yl)phenyl)(4-
(dodecyloxy) phenyl)methanone 14, bearing benzophenone and carbazole moieties 
was prepared in a simple way. Due to the high energy gap between singlet-triplet, the 
monomer does not show the TADF phenomenon. By Yamamoto polymerization, with 
linked carbazole as the polymer chain, P14 showed lower energy gap between 
Singlet-Triplet, and further TADF. The polymer shows solvatochromism under 
solvents of different polarity, due to a solvent-dependent stabilization of ICT in the 
excited state . As predicted by computational TD-DFT calculations and shown for the 
first time, it can demonstrate a thermally activated delayed fluorescence polymer 
based on a solely fluorescent monomer repetition unit via polymerization induced 
destabilization of its -conjugated HOMO energy level.(The DFT calculation were 
performed by Paul Kleine from the Institute of Applied Photophysics at TU Dresden.). 
This study proves an auspicious characteristic of polymerization for TADF material 
designs, lightning the way for future rational designs in OLED technology in general. 
Beside, the polymer can be crosslinked by UV light and triamine under heat, as 
irreversible and reversible methods respectively. 
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5. Conclusions and Outlook 
 
Since the pioneering work of Tang and VanSlyke 98, organic light-emitting diodes 
(OLEDs) have received increasing attention in both academic area and industry due to 
their potential use in lighting as well as future panel display applications,181-184 but the 
low external quantum yield (EQE) remains one of the most important challenges in 
the ongoing material development. 
 
Within this thesis, two categories of advanced novel optical polymers were 
synthesized in order to increase the external quantum efficiency of OLED devices 
from two aspects. One group is that of high refractive index polymers, which can 
increase the outcoupling efficiency of the devices, while the other is thermally 
activated delayed fluorescent polymers, with high internal quantum efficiency. 
 
5.1.Conclusions 
 
5.1.1 Hyperbranched HRI polymers 
 
High refractive index (HRI) materials, with the capability to increase refraction and 
decrease reflection, can increase the efficiency of many optic-electronic devices. 
Compared with inorganic materials, e.g. rare-earth containing glasses, high refractive 
index polymers (HRIPs) excel in low cost, light weight, impact resistance, 
processability and dyability,113, 114 however, their RI data are usually below 1.6080 or 
an extensive synthesis procedure of monomer and polymer is required84, 85. Some 
HRIPs, like conjugated polymers, with their strongly visible absorbance and 
fluorescent emission, have to be considered as photo-active materials and are not 
suitable as encapsulating or light out-coupling materials, since they would 
additionally alter the optical properties of the device itself.117-119 Metallic catalysts 
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residues93, 115, low thermal stability (e.g. alicyclic containing polymers)116 or low 
transparency (e.g. polyphenylquinoxalines)84, 85 restricted other HRIPs for potential 
application as light out-coupling enhancing material. Therefore, HRIPs showing high 
thermal stability, high transparency and inherent high refractive index and in addition, 
that can easily be prepared in an efficient synthesis pathway, are highly sought after 
and the realization of those had been the aim of this thesis. 
 
 
Scheme 5.1. Polymerizations of B3 and A2 to Pns (n=1, 2 and 3; s=a, b and c). 
 
In order to prepare the HRI polymers, easily available monomers hexane-1,6-dithiol, 
1,4-dithiolbenzene, 1,5-dithiolnaphthalene and 1,3,5-tris(naphthalylethynyl)benzene 
with high molar refractive units were selected. And the metal-free, radically induced 
“A2+B3” thiol-yne polyaddtion was chosen to prepare hyperbranched 
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polyvinylsulfides (PVS) (Scheme 5.1).  Despite the highly aromatic monomers, well 
soluble polymers had been realized, and it had been found, under optimized reaction 
conditions, that hb polymers with reasonable molar masses were achievable without 
gelation and the materials had good film forming ability. 
 
Due to the steric effects, no bis-adducts were formed during the polymerization in all 
polymers. Besides with the increased steric hindrances from hexane-1,6-dithiol to 1,4-
dithiolbenzene and 1,5-dithiolnaphthalene, the molecular weight from P1 to P2 and 
P3 decreased when using the same reaction conditions. 
 
All the polymer P1-P3 exhibited very high refractive index (from 1.72 to finally 1.79 
at the Fraunhofer D line), being among the highest reported values for pure polymeric 
materials. As mentioned before, it was relatively easy to realize polymers with RI data 
only up to 1.6, and only the recently reported hyperbranched polyvinylsulfides 
without naphthalene units reached RI data to up to 1.76. Due to increased molar 
refractions of hexyl, phenyl and naphthyl groups in A2 monomers, the related polymer 
P1 to P2 and P3 showed an increase in the RI data. Interestingly, the RI values can be 
further fine-tuned by the monomer ratio which defines the nature of the end groups 
and the naphthalene unit content.  
 
For the first time, selected samples of the novel hb polyvinylsulfides with a matching 
RI compared to commercially low molar mass outcoupling layers were applied as out-
coupling layer in an optimized state-of-the-art phosphorescent red OLED multilayer 
device and their effects on the performance of the device were studied. For that, 
phosphorescent monochrome OLEDs were fabricated on top of the novel HRIP (P2a 
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and P2b) layers to test the compatibility of HRIPs with state-of-the-art OLEDs. 
(Figure 5.1) The results show that the HRIPs, which match the refractive index of 
state-of-the-art low molecular weight organic semiconductor materials like NPB, do 
not deteriorate at all the performance of the OLEDs while maintaining external 
quantum efficiencies (EQE) of over 20 % for phosphorescent red OLEDs. These 
results open a pathway towards alternative, low-cost, and scalable out-coupling 
concepts through refractive index matching of the OLED materials and the HRIPs 
presented, which are so far not accessible with low molecular weight out-coupling 
layers. Since HRIP did not lead to electrical instabilities, they are ideally suited for 
planarizing/smoothening of rough interfaces of light out-coupling structures avoiding 
electrical losses within the OLED. (The work regarding preparation and measurement 
of OLED devices was performed by Paul Kleine from the Institute of Applied 
Photophysics at TU Dresden) 
 
Figure 5.1. Picture OLED layer architecture and external quantum efficiency versus 
luminance of the OLEDs tested in this work.103 (Reproduce with permission from 
John Wiley and Sons.) 
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5.1.2 TADF polymer 
 
As the third generation of luminescent materials, thermally activated delayed 
fluorescence (TADF)-type compounds show great advantages in organic light-
emitting diode (OLED) applications allowing for electrofluorescence with 100% 
internal quantum efficiency. However, so far new TADF compounds or polymers 
could merely be designed through modifying the existent TADF compounds. This 
design route limits the TADF library and hampers the development of TADF 
compounds.  
 
Scheme 5.2. Synthesis route to polymers P14 
 
In this research, two isomers (4-(3,6-dibromo-carbazol-9-yl)phenyl)(4-(dodecyloxy) 
phenyl)methanone 14 and (4-(2,7-dibromo-carbazol-9-yl)phenyl) (4(dodecyloxy) 
phenyl) methanone 15, and one model compound (4-(9H-carbazol-9-yl)phenyl)(4-
(dodecyloxy)phenyl)methanone 16, bearing benzophenone and carbazole moieties 
were prepared in a straight forward way. Due to the high energy gap between singlet 
and triplet, these monomers hardly show the TADF phenomenon. By Yamamoto 
polymerization (Scheme 5.2), with carbazole linked as the polymer chain, P14 can be 
obtained as soluble polymers, while soluble P15 cannot be obtained. The polymer 
P14 shows solvatochromism under solvents of different polarity, due to the 
intramolecular charge transfer (ICT) between the carbazole and benzophenone. 
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Through TD-DFT calculations, it can be pointed out that a thermally activated 
delayed fluorescence polymer based on a solely fluorescent monomer repetition unit 
via polymerization induced destabilization of its -conjugated HOMO energy level. 
Due to the benzophenone group in the polymer, it can be crosslinked under UV or by 
chemicals. Thus, this study paves way for fully new TADF polymer designs. 
 
 
Figure 5.2. Time-resolved photoluminescence decay in the nano- (left) and 
microsecond (right) range of model compound 16 and P14. The inset shows the 
fractional contributions of prompt (PF) and delayed fluorescence (DF) to the total 
quantum yield (PL). (This measurement regarding TADF property was performed 
by Paul Kleine from the Institute of Applied Photophysics at TU Dresden)  
 
 
5.2. Outlook 
 
In the next step, the developed HRIPs will be used for significantly increasing the 
efficiency in OLED by applying them as matrix materials for the integration of 
contrast giving or light scattering structures like (nano)particles into the light-
outcoupling layer. 
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In additions, further work can be considered firstly, to further increase the RI data, if 
possible above 1.8, which has never been realized so far using pure polymers. But 
secondly, the now easily available HRI polymers will find also other application 
where their polymeric nature, and thus easy processing and the formation of a flexible 
substrate are of high interest. Potential applications can be envisioned in some other 
opto-electonic areas like organic lasers and in micro lenses. For example, in recent 
own research, some hb HRI PVS were applied in in all photonic crystals for the first 
time.97 In our ongoing research, a new series of polymers (P17) have been 
synthesized, which are believed to possess higher RI data, and their applications in 
realizing the organic lasers is presently studied. (Scheme 5.3) 
 
Scheme 5.3. Chemical structure of P17 
 
 Scheme 5.4. Chemical structures of other TADF polymers 
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As for the polymer P14, although it shows evident TADF property, its energy gap 
beween singlet and triplet is a little high. Therefore, for decreasing the singlet 
excitons, the polymers P18 and P19 were prepared assuming an increase of the 
HOMO, while the polymers P20, P21 and P22 were prepared to decrease the LUMO. 
These novel, highly promising polymers are now under investigation with regard to 
their TADF property and OLED performance (Scheme 5.4). All these TADF 
polymers contained crosslinkable groups, which can prevent these layer being 
dissolved by the later processed layer. 
 
Scheme 5.5. Chemical structure of AIE-active polymer P23. 
 
But also other highly aromatic polymer structures for optoelectronic applications can 
be envisioned, especially making use of a branched structures which allows high 
solubility and thus, easy solution processing. e.g. some aggregation-induced emissive 
polymers .(Scheme 5.5) with strong quantum yield in condensed state were already 
designed and prepared (Figure 5.3), which exhibit strong potential to increase the 
quantum yield of the OLED devices. The study of their performance in OLED devices 
is also ongoing,  
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Nowadays, new technologies rely strongly on materials and methodologies. As for 
polymer chemists, they mainly focus on two things, improving the properties of 
existing materials, and provide the novel methodologies to achieve some properties or 
for polymer reactions. In this thesis, two groups of advanced optical polymers were 
designed to improve the OLED devices’ EQE from two aspects. I, therefore, hope this 
thesis can not only give two examples of novel polymers with advanced properties, 
but also provide the ideas to conceive novel methodology and to prepare the new 
materials.  
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Figure 5.3. (A) Photographs of P23 in THF/water mixtures with different water 
fractions (fw) taken under 365 nm UV irradiation from a hand-held UV lamp. (B) PL 
spectra of P23 in THF/water mixtures. (C) Plots of relative PL intensity (I/I0) value 
versus the composition of the aqueous mixture of P23. I = the maximum intensity. I0 = 
intensity at fw = 0%. Solution concentration: 2 µM  or 0.02 g/L; excitation wavelength: 
350 nm. (This AIE measurement was performed by Ting Han from the Hong Kong 
University of Science and Technology.) 
(B) (C) a) 
b) c) 
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Part IV. 
Experimental Part 
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6. Experimental Part 
6.1. Chemicals 
 
All chemicals were used as received. Anhydrous tetrahydrofuran (THF), triethylamine 
(TEA), dimethyl sulfoxide (DMSO), N,N-Dimethylmethanamide (DMF) and toluene 
were sealed over molecular sieves. 
Chemical Supplier Purity 
triphenylphosphine Sigma-Aldrich 99% 
copper(I) iodide Sigma-Aldrich ≥ 99.5% 
bis(triphenylphosphine)palladium(II) 
dichloride 
Sigma-Aldrich 98% 
1,4- dithiolbenzene Sigma-Aldrich 99% 
thiophenol Sigma-Aldrich 97% 
1,6-hexanedithiol Sigma-Aldrich 96% 
hexanethiol Sigma-Aldrich 96% 
1-iodonaphthalene Sigma-Aldrich 97% 
phenylacetylene Sigma-Aldrich 98% 
1,3,5-triethynylbenzene TCI 97% 
magnesium sulfrate Sigma-Aldrich ≥97% 
bis(1,5-cyclooctadiene)nickel(0) Sigma-Aldrich 98% 
1,5-cyclooctadiene Sigma-Aldrich ≥99% 
2,2'-Bipyridine Sigma-Aldrich ≥99% 
caesium carbonate Sigma-Aldrich 99% 
sodium carbonate Sigma-Aldrich ≥99.0% 
2,7-dibromocarbazole Sigma-Aldrich 98% 
3,6-dibromocarbazole, Sigma-Aldrich 97% 
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Chemical Supplier Purity 
4-fluoro-4'-hydroxybenzophenone TCI 97% 
1-bromododecane Sigma-Aldrich 97% 
chloroform Sigma-Aldrich ≥99% 
cicholoromethane Sigma-Aldrich ≥99% 
methanol Sigma-Aldrich ≥99% 
ethanol Sigma-Aldrich ≥99% 
acetone Sigma-Aldrich ≥99% 
ethyl acetate  
(EA) 
Sigma-Aldrich ≥99% 
hexane Sigma-Aldrich ≥99% 
1,2-dicholoroethane Sigma-Aldrich ≥99% 
2,2′-azobis(2-methylpropionitrile) 
 AIBN 
Sigma-Aldrich 98% 
2,7-dibromo-9-phenylcarbazole TCI 98% 
4,4,5,5-tetramethyl-2-phenyl-1,3,2-
dioxaborolane 
Sigma-Aldrich 97% 
tetrakis(triphenylphosphine)palladium(0) 
Pd(PPh3)4 
Sigma-Aldrich 99% 
 
6.2. Instruments and methods 
 
NMR Spectra 
1H (500.13 MHz) and 13C (125.75 MHz) NMR spectra were recorded on an Avance 
III 500 NMR spectrometer (Bruker Biospin, Germany) using CD2Cl2 or CDCl3 as 
solvent, lock, and internal standard (δ(1H)   5.31 ppm; δ (13C) = 53.7 ppm). The 
signal assignments were determined from the combination of 1D and 2D NMR spectra. 
Quantitative 13C NMR spectra were obtained using inverse gated decoupling, π/2 13C 
pulses and a pulse delay of 12 s.  
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FT-IR 
The evacuated VERTEX 80v (Bruker) FTIR-spectrometer equipped with DLaTGS 
detector was used to obtain the absorption spectra of both monomers and monomers 
under consideration. The samples were prepared as KBr-pellets (ca. 1 mg of samples 
to 400 mg of KBr). The spectra were measured in the range 4000-400 cm-1 with 
resolution of 2 cm-1. 32 scans were co-added to every spectrum. Spectra’s treatment 
consisted in baseline correction and subtraction of KBr. 
 
DSC and TGA 
DSC and TGA were measured on TA Q5000 and Q1000, under nitrogen at a heating 
rate of 10 K min-1.  
 
GPC 
Relative molar mass values and dispersities (Ð) of the polymers were recorded on 
Agilent 1260 Infinity Series (Agilent, USA), equipped with refractive index detector 
and Resipore main precolumn, with the eluent chloroform at a flow rate of 1 mL min-1. 
In addition, gel permeation chromatography (GPC) performed with a Waters Alliance 
HPLC System with 2695 Separation Module and a combination of MALS and RI 
detector (Wyatt DAWN HELEOS-II) with a laser operating at 663.1 nm and Wyatt 
Optilab rEX (RI) was used for determination of absolute MW values.  
 
MALDI-TOF 
The MALDI-TOF experiments were performed on an Autoflex Speed TOF/TOF 
system (Bruker Daltonics GmbH). The measurements were carried out in linear mode 
and positive polarity by pulsed smartbeam laser (modified Nd:YAG laser). The ion 
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acceleration voltage was set to 20 kV. For the sample preparation, the polymers were 
mixed with DCTB (trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene] 
malononitrile) as matrix dissolved in chloroform. 
 
Film thicknesses and refractive index 
Film thicknesses were measured by ellipsometry (J.A. Woolam Company model 
M2000DI VASE). Ellipsometry was also used to measure the refractive index of the 
material. Ellipsometry measurements were made at three angles (55, 65, 75 °) and 
over a wavelength range of 400 – 1700 nm using a model consisting of a single-layer 
Cauchy film on Si and the software Complete EASE has been utilized to process the 
data.  
 
AFM measurements 
On a Dimension 3100 Nanoscopic IV from Digital Instruments Inc AFM 
measurements were performed in the tapping mode and a Zeiss LSM 780 NLO 
microscope was used to record light images. 
 
UV-Vis absorption 
A SPECORD 210 Plus spectrometer (Analytik Jena) was used to observe UV-Vis 
absorption of the dip-coated films and solution. 
 
DFT calculations 
This work was performed by Paul Kleine from the Institute of Applied Photophysics 
at TU Dresden. All quantum chemical calculations were performed using the program 
TURBOMOLE v6.5. Geometry optimizations were performed on a B3LYP/def2-SVP 
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level of theory. In the specific optimized geometries, excitation energies were 
calculated using the TD-DFT approach on the same level. To access the 
reorganization energy contributions to the potential energy of each excitation, ground 
state DFT calculations in the respective relaxed excited state geometries were 
performed 
 
Photoluminescence quantum yield (PLQY) 
This work was performed by Paul Kleine from the Institute of Applied Photophysics 
at TU Dresden. The photoluminescence quantum yield was measured using an 
integrating sphere placed into a nitrogen purged glove box. Using the CAS 140 CT 
spectrometer and a 340 nm excitation source (Thorlabs M340L4), the quantum yield 
measurement was furthermore corrected via its re-absorption.  
 
Electrochemical measurements 
This work was performed by Ramunas Lygaitis from the Institute of Applied 
Photophysics at TU Dresden. Electrochemical measurements were carried out using 
potentiostat (µAutolabII) and cyclic as well as differential pulse voltammetry 
techniques. The electrochemical cell comprised a platinum disk with 1 mm working 
area diameter as the working electrode, a Ag/AgCl reference electrode and a platinum 
rod auxiliary electrode. Measurements were performed in 1.0 mM concentrations of 
all compounds in 0.1 M solutions of n-Bu4NPF6, (98%, TCI Chemicals) in DMF as 
solvent (CHROMASOLV, 99.9%, Sigma Aldrich) at room temperature under an 
nitrogen atmosphere and at scan rate of 50 mV/s. Redox potentials are reported with 
the ferrocene/ferrocenium (Fc/Fc +) redox couple as an internal reference system: 
0.00 V. Analysis of the data gave the relative energy plot. 
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6.3. Synthesis  
6.3.1. Monomer preparation 
 
 
Scheme 6.1. Synthetic routes to 1,3,5-tris(naphthalen-1-ylethynyl)benzene 1. 
 
1,3,5-tris (naphthalylethynyl) benzene (1): Pd(PPh3)2Cl2 (537 mg, 0.84 mmol), CuI 
(80 mg, 0.42 mmol), PPh3 (110 mg, 0.42 mmol), 1,3,5-triethynylbenzene (7 mmol, 
1.05 g) and 1-iodonaphthalene (5.869 g, 23.1 mmol, 3.4 mL) were dissolved in THF 
(60 mL) and triethylamine (20 mL) under nitrogen. The mixture was stirred at 60 oC 
for 12 h. After this, the mixture was filtered and evaporated and then 50 mL water 
were added into the mixture. The aqueous solution was then extracted with 50 mL of 
dichloromethane for three times. The organic phases were combined and dried over 
anhydrous magnesium sulfate overnight. After the filtration and the solvent 
evaporation, the crude product was purified using a silica gel column with hexane/ 
ethyl acetate (EA) mixture (10:1 by volume) as eluent. Compound 1 (3.254 g) was 
obtained as white needles in yield of 88 % (Scheme 6.1). 1H NMR (500 MHz, 
CD2Cl2): δ  = 8.50 (d, 3H, H8), 7.95 (s, 3H, H14), 7.92 (d, 6H, H4 and H5), 7.84 (d, 3H, 
H2), 7.67 (t, 3H, H7), 7.58 (t, 3H, H6), 7.52 ppm (t, 3H, H3); 
13C NMR (125 MHz, 
CD2Cl2): δ  = 134.4 (C14), 133.6 (C9), 133.5 (C10), 131.1 (C2), 129.6 (C4), 128.7 (C5), 
127.4 (C7), 126.9 (C6), 126.3 (C8), 125.6 (C3), 124.7 (C13), 120.6 (C1), 93.0 (C12), 89.2 
ppm (C11).  IR: ν = 3047, 2200, 1590, 1502, 1415, 1403, 1340, 1011, 799, 774, 676 
cm-1. 
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Scheme 6.2. Synthetic routes to the 1-(phenylethynyl)naphthalene 7. 
 
1-(Phenylethynyl)naphthalene (7): The synthesis of compound 7 was carried out by a 
Sonogashira-coupling reaction similar to monomer 1 (Scheme 6.2). To be exact, Pd 
(PPh3)2Cl2 (280 mg, 0.4 mmol), CuI (34 mg, 0.2 mmol), PPh3 (52.4 mg, 0.2 mmol) 
ethynylbenzene (1.225 g, 12 mmol, 1.32 mL) and 1-iodonaphthalene (2.54g, 10 mmol, 
1.46 mL) were added into THF (30 mL) and triethylamine (10 mL) in a 250 mL two-
necked round-bottom flask purged with nitrogen. After the mixture was stirred at 
60oC for 12 h, 50 mL water were added into the mixture. The aqueous solution was 
then extracted with 50 mL of dichloromethane three times. The organic phases were 
combined, and then dried over anhydrous magnesium sulfate overnight. After the 
filtration and the solvent evaporation, the crude product was purified by a silica gel 
column using hexane/ EA mixture (10:1 by volume) as eluent. A yellowish powder of 
7 (3.145 g) was obtained in yield of 95.2% (Scheme 6.2). 1H NMR (500 MHz, 
CD2Cl2): δ  = 8.46 (d, 1H, H8), 7.90 (d, 1H, H5), 7.88 (d, 1H, H4), 7.78 (d, 1H, H2), 
7.67 (d, 2H, H14), 7.62 (t, 1H, H7), 7.56 (t, 1H, H6), 7.49 (dd, 1H H3), 7.45 – 7.39 ppm 
(3H, H15 and H16); 
13C NMR (125 MHz, CD2Cl2): δ  = 133.6 and 133.55 (C9 and C10), 
132.0 (C14), 130.7 (C2), 129.2 (C4), 128.8 (C15), 128.8 (C16), 128.7 (C5), 127.2 (C7), 
126.8 (C6), 126.4 (C8), 125.7 (C3), 123.7 (C13), 121.2 (C1), 94.7 (C12), 87.9 ppm (C11). 
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(4-(dodecyloxy)phenyl)(4-fluorophenyl)methanone (19): (4-Fluorophenyl) (4-hydroxy 
phenyl) methanone 18 (10.8 g, 50 mmol), potassium carbonate (10.37 g, 75 mmol), 
and 250 mL acetone were added into a 500 mL flask. After the mixture was stirred at 
room temperature for 20 min, 1-bromododecane (14.5 mL, 14.95 g, 60 mmol) was 
added dropwisely. The mixture was refluxed overnight. Finally, the solution was 
filtrated and evaporated to get a white solid. The solid was washed with water and 
finally recrystallized in ethanol to give 13.8 g of white planar crystals of (4-
(dodecyloxy)phenyl)(4-fluorophenyl)methanone 19 (Scheme 6.3) in yield of 72 %.  
1H NMR (CDCl3): δ 7.79 (3), 7.78 (8), 7.15 (2), 6.95 (8), 4.04 (10), 1.82 (11), 1.47 
(12), 1.4 – 1.2 (14 – 20), 0.88 ppm (21); 
13C NMR (CDCl3): δ 194.05 (5), 165.02 (d, 
1JCF = 253 Hz; 1), 162.93 (9), 134.55 (d, 
4JCF = 3 Hz; 4), 132.38 (7), 132.23 (d, 
3JCF = 8.9, Hz; 3), 129.78 (6), 115.27 (d, 
2JCF = 
22 Hz; 2), 114.10 (8), 68.33 (10), 31.90 (19), 29.6 - 29.1 (11, 13 – 18), 25.98 (12), 
22.66 (20), 14.08 ppm (21); 
19F NMR (CDCl3): -108.3 ppm.  
 
 
Scheme 6.3. Synthesis route to compound 2. 
 
(4-(3,6-dibromo-9H-carbazol-9-yl)phenyl)(4-(dodecyloxy)phenyl)methanone (14): 
3,6-Dibromocarbazole (3.84 g, 10 mmol), caesium carbonate (4.88 g, 12 mmol), 19 
(3.25 g, 10 mmol) and 40 mL DMSO were added into a 250 mL flask. The mixture 
was stirred at 70°C overnight and then poured into 600 mL ice water. The white 
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precipitate was collected and recrystallized in ethanol giving 5.12 g of 14 (Scheme 
6.4)  as a white powder in yield of 74 %.  
1H NMR (CDCl3): δ 8.21 (4), 8.02 (9), 7.91 (13), 7.64 (8), 7.54 (2), 7.35 (1), 7.01 (14), 
4.07 (16), 1.84 (17), 1.49 (18), 1.4 - 1.2 (19 – 26), 0.88 ppm (27);  
13C NMR(CDCl3): δ 194.05 (11), 163.20 (15), 139.88 (7) , 139.38 (6), 137.66 (10), 
132.55 (13), 131.60 (9), 129.61 (2), 129.46 (12), 126.20 (8) , 124.31 (5), 123.35 (4), 
114.24 (14), 113.61 (3), 111.47 (1), 68.33 (16), 31.90 (25), 29.7 - 29.1 (17, 19 – 24), 
25.60 (18), 22.66 (26), 14.08 ppm (27). 
 
Scheme 6.4. Synthesis route to monomers 14-15 and a model compound 16. 
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(4-(2,7-dibromo-9H-carbazol-9-yl)phenyl)(4-(dodecyloxy)phenyl)methanone (15): 
The synthesis of monomer 15 was similar to monomer 14 (Scheme 6.4), with the 
yield of 76%. 
1H NMR (CDCl3): δ 8.04 (48), 7.96 (2), 7.93 (13), 7.64 (8), 7.59 (2), 7.44 (4), 7.03 
(14), 4.07 (16), 1.84 (17), 1.49 (18), 1.4 - 1.2 (19 – 26), 0.88 ppm (27);  
13C NMR(CDCl3): δ 194.05 (11), 163.20 (15), 141.44 (6) , 139.61 (7), 138.05 (10), 
132.62 (13), 131.72 (9), 129.45 (12), 126.48 (8), 124.15 (4) , 122.02 (6), 121.58 (5), 
120.21 (3), 114.29 (14), 113.07 (2), 68.33 (16), 31.90 (25), 29.7 - 29.1 (17, 19 – 24), 
25.60 (18), 22.66 (26), 14.08 ppm (27). 
 
(4-(9H-carbazol-9-yl)phenyl)(4-(dodecyloxy)phenyl)methanone (16): The synthesis of 
16 was similar to that of monomer 14 (Scheme 6.4). It was obtained as a white 
powder in yield of 65 %. 
1H NMR (CDCl3): δ 8.16 (4), 8.03 (9), 7.93 (13), 7.72 (8), 7.53 (1), 7.45 (2), 7.33 (3), 
7.02 (14), 4.04 (16), 1.85 (17), 1.50 (18), 1.4 – 1.2 (19 – 26), 0.88 ppm (27); 
13C NMR (CDCl3): δ 194.05 (11), 163.20 (15), 141.03 (7), 140.32 (6), 136.86 (10), 
132.50 (13), 131.44 (9), 129.67 (12), 126.20 (8), 126.11 (2), 123.74 (5), 120.44 (3), 
120.37 (4), 114.21 (14), 109.74 (1), 68.33 (16), 31.90 (25), 29.7 -29.0 (17, 19 – 24), 
25.98 (18), 22.66 (26), 14.08 ppm (27). 
 
 
 Scheme 6.5. Synthesis route to model compound 22 
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2,7,9-triphenylcarbazole (22): 2,7-Dibromo-9-phenyl-9H-carbazole 20 (802 mg, 2 
mmol), 4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane 21 (1.22 g, 6 mmol), 
Pd(PPh3)4 (115 mg, 0.12 mmol), Na2CO3(2.12g, 20 mmol), 40 mL THF and 10 mL 
H2O were added into a pre-baked flask under nitrogen and the mixture was stirred at 
60°C overnight. The reaction was extracted three times with 50 mL DCM. The solid 
material obtained after evaporation of DCM was recrystallized in ethanol to give 0.75 
g of 2,7,9-triphenylcarbazole 22 (Scheme 6.5) as a white powder in yield of 95 %. 
1H NMR (CDCl3): δ 8.22 (4), 7.69 (12), 7.66 (8, 9), 7.63 (1), 7.59 (3), 7.53 (10), 7.47 
(13), 7.37 ppm (14);  
13C NMR (CDCl3): δ 142.06 (6), 141.94 (11), 139.50 (2), 137.56 (7), 130.02 (9), 
128.70 (13), 127.66 (10), 127.52 (12), 127.35 (8), 127.06 (14), 122.38 (5), 120.55 (4), 
119.79 (3), 108.26 ppm (1). 
 
6.3.2. Model reactions 
 
Scheme 6.6. Model reaction 1 of alkyne 7 and thiol 8, a) 7:8 = 1:1, reaction time = 
2h; b) 7:8=1:5, reaction time = 12h; c). 7:8 = 1:10, reaction time = 20h.  
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Model Reaction 1a (alkyne : thiol = 1 : 1). Into a baked 5 mL flask with a stirring bar, 
alkyne 7 (205 mg, 0.9 mmol), hexanethiol 8 (106 mg, 0.9 mmol, 135 µL), AIBN (7 
mg, 0.045 mmol) and 1 mL anhydrous toluene were added. After bubbling with 
nitrogen for about 10 minutes, the flask was placed into 90 oC oil bath for 2 h. The 
crude was isolated by solvent evaporation in vacuum. A yellowish oil (301 mg) was 
obtained.  
 
Model Reaction 1b (alkyne : thiol = 1 : 5). Similar to model reaction a, 7 (205 mg, 
0.9 mmol), 8 (530 mg, 4.5 mmol, 675 µL) and AIBN (37 mg, 0.225 mmol) in 1 mL 
anhydrous toluene were reacted at 90 oC for 12 h resulting finally in 304 mg 
yellowish oil.  
 
Model Reaction 1c (alkyne : thiol = 1 : 10). Similar to model reaction a, 7 (205 mg, 
0.9 mmol), 8 (1060 mg, 9 mmol, 1350 µL) and AIBN (74 mg, 0.45 mmol) in 1 mL 
anhydrous toluene were reacted at 90 oC for 20 h resulting finally in 304 mg 
yellowish oil. 
 
Scheme 6.7. Model reaction 2 between alkyne 7 and thiol 11, a) 7:11 = 1:1, Reaction 
time = 2h; b) 7:11 =1:10, Reaction time = 24h 
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Model Reaction 2a (alkyne : thiol = 1 : 1). Into a 5 mL baked flask filled with 
nitrogen, alkyne 7 (68.5 mg, 0.3 mmol), benzenethiol 11 (33.7 mg, 0.3 mmol), AIBN 
(2.4 mg, 0.015 mmol) were dissoved into 1 mL anhydrous toluene. After reacting at 
90 oC for 2 h, the mixture was dried by evaporation. A yellowish oil (97.5 mg) was 
therefore obtained. 
 
Model Reaction 2b (alkyne : thiol = 1 : 10). Similar to model reaction 2a, 7 (68.5 mg, 
0.3 mmol), 11 (337 mg, 3 mmol) and AIBN (24 mg, 0.15 mmol) in 1 mL anhydrous 
toluene stirred at 90 oC for 12 h, to produce 100.2 mg yellowish oil  
6.3.3. Polymerizations 
 
 
 
Scheme 6.8. Polymerizations of B3 and A2 to Pns (n=1, 2 and 3; s=a, b and c). 
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P1: The polymerization reactions were carried out under nitrogen using standard 
Schlenk technique. P1b was set as a typical procedure given below. Into a baked 
10 mL Schlenk tube with a stopcock in the side arm trialkyne 1 (147 mg, 0.30 
mmol), hexane-1,6-dithiol 2 (67 mg, 0.45 mmol, 70 µL ) and AIBN (37 mg, 0.225 
mmol) were added. The tube was evacuated and refilled with nitrogen for three 
times. Thereafter, anhydrous toluene (1.0 mL) was injected into the system via a 
syringe. After stirring at 90 oC for 2 h, the mixture was diluted with 5 mL of 
chloroform and precipitated by dropwise addition into 200 mL stirred hexane. 
The precipitate was collected by filtration, and dried under vacuum at 45 oC 
overnight. 
 
Characteristics of P1a (molar ratio of 2 (A2) : 1 (B3)  = 1 : 1): yellow solid in 
70 % yield. Mw 11.000 g/mol (LS); Ð = 3.6 (RI, PS calibration 
 
Characteristics of P1b (molar ratio of 2 (A2) : 1 (B3)  = 3 : 2): yellow solid in 
87 % yield. Mw 625.000 g/mol (LS); Ð = 34.2 (RI, PS calibration).  
 
Characteristics of P1c (molar ratio of 2 (A2) : 1 (B3)  = 2 : 1): yellow solid in 
59 % yield. Mw 34.600 g/mol (LS); Ð = 5.1 (RI, PS calibration).
  
 
P2: Standard Schlenk technique was applied in the polymerizations. The synthesis of 
P2b was given below as an example. Into a 10 mL baked Schlenk tube filled with 
nitrogen, trialkyne 1 (147 mg, 0.30 mmol), benzene-1,4-dithiol 3 (67 mg, 0.45 
mmol, 70 µL ), AIBN (37 mg, 0.225 mmol), and anhydrous toluene (1.0 mL) 
were added. After reacting at 90 oC for 2 h, the mixture was diluted with 5 mL 
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chloroform and precipitated into 200 mL stirred hexane. The precipitate was 
collected by filtration, and dried overnight under vacuum at 45 oC. 
 
Characteristics of P2a (molar ratio of 1 (B3): 3 (A2) = 1 : 1): yellow solid in 70 % 
yield. Mw 7500g mol
-1 (LS); Ð = 2.9 (RI, PS calibration).  
 
Characteristics of P2b (molar ratio of 1 (B3) : 3 (A2) = 3 : 2): yellow solid in 87 % 
yield. Mw 134,400 g mol
-1 (LS); Ð = 11.3 (RI, PS calibration).  
 
Characteristics of P2c (molar ratio of 1 (B3) : 3 (A2) = 2 : 1): yellow solid in 59 % 
yield. Mw 32,200g mol
-1 (LS); Ð = 4.9 (RI, PS calibration).  
 
P3: Standard Schlenk technique was applied in synthesizing the polymers, and the 
preparation of P3b is given below as an example to show the procedure. Into a 10 
mL pre-baked and nitrogen-filled Schlenk tube trialkyne 1 (132 mg, 0.25 mmol), 
dithiol 4 (72 mg, 0.375 mmol), AIBN (6.2 mg, 0.0375 mmol) and 0.25 mL 
anhydrous toluene were added. After stirring for 2 h at 90℃ (oil bath), the red 
solution was diluted with 5 mL chloroform and precipitated into 200 mL 
methanol. The yellowish red compound was collected and dried at 45 ℃ in a 
vacuum oven overnight to a constant weight of 187 mg, with a yield of 92%.  
 
Characteristics of P3a (molar ratio of: 1 (B3) : 4 (A2) = 1 : 1): yellowish red solid 
in 76 % yield. Mw 6200 g/mol (MALS); Ð = 1.59 (RI, PS calibration).
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Characteristics of P3b (molar ratio of 1 (B3) : 4 (A2) = 2 : 3): yellowish red solid 
in 92 % yield. Mw 37300 g/mol (MALS); Ð = 3.26 (RI, PS calibration).  
 
Characteristics of P3c (molar ratio of 1 (B3) : 4 (A2)= 1 : 2): yellowish red solid 
in 89 % yield. Mw 30100 g/mol (MALS); Ð = 3.73 (RI, PS calibration).
  
 
 
 
Scheme 6.9. Synthesis route to polymer P14. 
 
P14: Anhydrous anaerobic reaction conditions (nitrogen-filled glovebox) were 
required for all the polymerizations performed in this study. A typical procedure 
for the synthesis of polymer P14b is given below as an example. Yamamoto 
catalytic system of Ni(COD)2 (53.0 mg, 0.2 mmol), COD (22 μL, 0.2 mmol) 
and 2,2’-bipyridyl (30.0 mg, 0.2 mmol) was added into a 15 mL Schlenk tube 
and dissolved in 0.4 mL of anhydrous DMF. Another Schlenk tube was charged 
with monomer 14 (55.0 mg, 0.08 mmol) dissolved in 0.4 mL anhydrous THF. 
The catalyst solution was heated at 50°C for 30 minutes before it was 
transferred to the monomer solution. The reaction mixture was stirred for 48 h 
at 80°C (oil bath temperature). Then, the reaction mixture was diluted with 5 
mL of chloroform and later precipitated in 150 mL of a mixture of aqueous HCl, 
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acetone and methanol  (1 : 1 : 1 by volume). The precipitate and solution were 
stirred for 2 h and then the polymer was collected by filtration and dried in an 
oven at 40°C overnight. Finally, the polymer was successively extracted with 
methanol and acetone, each for 24 h in a Soxhlet apparatus. The residue was 
dissolved in chloroform and after evaporation of the solvent 41.0 mg of 
yellowish green polymer was obtained (yield: 96 %). 
. 
 
P15: Anhydrous anaerobic reaction conditions (nitrogen-filled glovebox) were 
required for all the polymerizations performed in this study. A typical procedure 
for the synthesis of polymer P15 is given below as an example. Yamamoto 
catalytic system of Ni(COD)2 (53.0 mg, 0.2 mmol), COD (22 μL, 0.2 mmol) 
and 2,2’-bipyridyl (30.0 mg, 0.2 mmol) was added into a 15 mL Schlenk tube 
and dissolved in 0.4 mL of anhydrous DMF. Another Schlenk tube was charged 
with monomer 14 (55.0 mg, 0.08 mmol) dissolved in 0.4 mL anhydrous THF. 
The catalyst solution was heated at 50°C for 30 minutes before it was 
transferred to the monomer solution. The reaction mixture was stirred for 30 
min at 70°C (oil bath temperature). Then, the reaction mixture was diluted with 
5 mL of chloroform and later precipitated in 150 mL of a mixture of aqueous 
HCl, acetone and methanol  (1 : 1 : 1 by volume). The precipitate and solution 
were stirred for 2 h and then the polymer was collected by filtration and dried in 
an oven at 40°C overnight. The polymer was insoluble in common organic 
solvents, like THF, chloroform, DMSO, DMF and toluene. 
. 
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6.4. Sample preparation 
 
Polymer films and solutions  
polymer solutions (4 wt% concentration in anhydrous 1,2-dichloroethane) were 
filtered through 0.45 µm PTFE syringe filters, and subsequently spin-coated onto 
piranha-cleaned silicon wafers (Silicon Quest Int’l) at 3000 rpm for 30 seconds. The 
solutions were prepared as follows: 1 mg of polymer samples was dissolved into 2 mL 
anhydrous 1,2-dichloroethane, respectively, filtered through 0.45 µm PTFE-
membrane syringe filters and finally 0.25 mL of the prepared solution was diluted 
with another 2 mL anhydrous 1,2-dichloroethane. 
 
OLED fabrication  
This work was performed by Paul Anton-Will from the Institute of Applied 
Photophysics at TU Dresden. All samples were deposited by thermal evaporation onto 
ITO-coated, structured glass substrates in an UHV chamber (Kurt J. Lesker 
Company) with a base pressure around 10−8 mbar. The devices were encapsulated 
immediately after preparation under a nitrogen atmosphere using epoxy glue and glass 
lids. The layer architecture of the red phosphorescent OLED was the following: glass 
1.1 mm/ N,N’-di(naphthalene-2-yl)-N,N’-diphenyl-benzidine (NPB) 70 nm or P2a 77 
± 7 nm or P2b 90 ± 2 nm/ molybdenum trioxide (MoO3) 1 nm/ gold 2 nm/ silver 20 
nm/ 2,2',7,7'-tetrakis-(N,N-dimethyl phenyl amino)-9,9'-spirobifluoren (Spiro-TTB) 
doped with 2 wt% 2,2'-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6-
TCNNQ) (44 nm)/ NPB 10 nm/NPB doped with 10 wt% of the phosphorescent dye 
iridium(III)bis(2-methyldibenzo-[f,h]quinoxaline)(acetylacetonate) (Ir(MDQ)2(acac)) 
20 nm/ bis-(2-methyl-8-quinolinolato)-4-(phenylphenolato) aluminum-(III) (BAlq2) 
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10 nm/ 4,7-diphenyl-1,10-phenanthroline (BPhen) doped with Cesium 58 nm/ silver 
80 nm. The active area of the device was 6.49 mm2.  
 
OLED characterization 
This work was performed by Paul Anton-Will from the Institute of Applied 
Photophysics at TU Dresden. The OLEDs are electrically characterized by a Keithley 
source meter unit (SMU2400), and an absolute calibrated Si photodiode is used to 
record the luminance in the direction perpendicular to the substrate. EQE is measured 
using an Ulbricht sphere (LMS-100, Labsphere). 
 
Reversible Chemical Cross-Linking by Triamine 
40 mg polymer and 4mg triamine were dissolved in 1 mL chloroform, and stirred 
vigorously for 10 min. The mixed solution was filtrated through 0.22 um PTFE 
syringe filter and  finally spincoated on a silca wafer. After keeping in the atmosphere 
overnight, the spin-coated film was heated at 120 °C for 4 h and the film was 
evaluated on a Digital Instrument Nano IIIa atomic force microscopy (AFM; Digital 
Instrument Co.). The cross-linked film can only partly dissloved in the chloroform. 
The left film can be dissolved completely in chloroform, after it was placed into 10% 
HCl solution for 2 hours. 
 
Irreversible Photo-Cross-Linking and Photopatterning  
1 ml of 4% polymer’s chloroform solution was prepared,  filtrated through 0.22 um 
PTFE syringe filter and finally spincoated on a clean silca wafer. After kepeing for 24 
h, the spincoated film was placed under a photomask and exposed to a 365 nm UV 
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light for an exposure dose of 1 J/cm2. the resist patterns were evaluated on a Digital 
Instrument Nano IIIa atomic force microscopy (AFM; Digital Instrument Co.). 
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Supplementals 
 
1. Assignment of characteristic 1H NMR signals to compounds 9-E, 9-Z, 10-E 
and 10-Z  
 
1. the 1H-1H NOESY spectrum is a helpful tool in identifying E- and Z-isomer of the 
vinyl compound. Only the E-isomer shows a NOESY cross peak between vinyl 
proton and SCH2 group whereas only the Z-isomer shows a cross peak between vinyl 
proton and ortho protons of the phenyl moiety bonded to the other vinyl carbon. 
 
2. In the 1H NMR spectrum of the crude reaction mixture of 1-naphthyl-2-phenyl-
acetylene with hexanediol (Scheme S1.1 shows the model reaction. In Figure S1.1 
four signals can be identified in the 2.8 – 2.0 ppm region representing the vinyl-S-CH2 
methylene groups of the four possible vinyl compounds (2.69, 2.58, 2.35, and 2.18 
ppm, resp.). 
 
3. Despite the 13C NMR spectrum of this mixture (Figures S1.2b, S1.2c) is rather 
complex, 20 signals of quaternary aromatic carbons are in accordance with the 
presence of these four compounds. 
 
4. Figure S1.3 depicts the NOESY spectrum of the crude reaction mixture of 1-
naphthyl-2-phenyl-acetylene with hexanediol. The inset shows the NOESY cross 
peaks of the four SCH2 groups ( in ppm): 2.69 to 7.28 (singlet, vinyl), 2.59 to 6.93 
(singlet, vinyl), 2.35 to 7.77 (doublet, phenyl [10]), and 2.18 to 7.52 (overlapped). 
From these cross peaks and 8, the 2.35 ppm SCH2 signal can be assigned to 9-Z and 
the 2.69 and 2.59 ppm signals result from E-isomers. The vinyl proton of 9-Z appears 
at 7.35 ppm as can be concluded from signal integrals. 
 
5. To distinguish the two E-isomers, the NOESY cross peaks of the vinyl protons 
(7.28 and 6.93 ppm) and signal integrals are evaluated. 
  
The vinyl proton at 7.28 ppm shows a cross peak to doublet at 8.18 ppm having half 
the intensity of the SCH2 group at 2.69 ppm, i.e., represents a naphthyl proton. Hence, 
the vinyl proton and a naphthyl group are bonded to the same vinyl carbon and the 
SCH2 at 2.69 ppm originates from 9-E. 
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The vinyl proton at 6.93 ppm shows a cross peak to a multiplet at 6.78 ppm having 
twice the intensity of the vinyl proton, i.e., it results from ortho-phenyl protons. This 
corresponds with the assignment of the SCH2 signal at 2.59 ppm to 10-E. 
 
6. The SCH2 signal at 2.18 ppm has twice the intensity of the vinyl proton singlet at 
6.67 ppm which shows a NOESY cross peak to 7.76 ppm. Unfortunately, this signal is 
overlapped by the 7.77 ppm doublet of 9-Z. Nevertheless, one can be all but certain 
that this SCH2 signal is caused by the 10-Z isomer. 
 
 
Scheme S1.1. Model reaction 1 of alkyne 7 and thiol 8, a). 7:8 = 1:1, reaction time = 
2h; b). 7:8=1:5, reaction time = 12h; c). 7:8 = 1:10, reaction time = 20h.  
 
 
Figure S1.1. The reaction mixtures of 1-naphthyl-2-phenyl-acetylene with hexanediol. 
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Figure S1.2. 1H NMR spectrum. a). 13C NMR spectrum, b). and DEPT135 spectrum 
c). of the reaction product of model reaction a (solvent: CD2Cl2). The vinyl proton 
and SCH2 group signals are assigned in the 
1H NMR spectrum. 
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Figure S1.4. 1H-1H NOESY spectrum of the reaction product of model reaction a. 
The red circles mark cross peaks mentioned in signal assignment part (solvent: 
CD2Cl2). 
 
2. MALDI-TOF analysis of P3 
 
The MALDI spectra of HRI polymers show a multitude of different macromolecular 
structures with various sequences of the structural units which were formed by the 
addition reactions between the functional groups of the B3 and A2 monomers. This 
behavior is exemplary demonstrated using the mass spectrum of P3b in Figure S2.1. 
Some interpretation and assignment of mass peaks to characteristic chemical 
9-E 
9-Z 10-E 
10-Z 
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structures in the oligomeric region were done (Scheme S2.1). The mass peak at 1248 
Da is generated by the reaction of two molecules of B3 monomer with one molecule of 
A2 monomer to produce the structure B2ba2bB2 (B-A-B). That combination of 
monomers seems to be the initial point of various pathways of chain growth because 
these molecules are able to react with further monomers in different ways. Firstly the 
chemical reaction of that molecule with two molecules of A2 leads to the structural 
units of B2ba2b3(aA)2 (B-A-B-(A)2) or/and AabBba2bBbaA
 (A-B-A-B-A) proven by 
mass peak at 1632 Da, and reaction with three A2  molecules results in a peak at 1824 
Da (A-B-A-B-(A)2). On the other hand, the reaction of B-A-B with one A2 monomer 
and one B3 monomer results in the structural unit B2ba2bBba2bB2 (B-A-B-A-B) with a 
mass of 1968 Da (Scheme S2.1 and Figure S2.1).  
 
Besides, the intensities of particular mass peaks in the spectra of P3a, P3b and P3c 
properly reflect the initial monomer ratios in the oligomeric region. The intensities of 
mass peaks at 1632 Da and 1824 Da, molecules with higher amount of SH end groups, 
are increased (↑) and those at 1248 Da and 1968 Da, molecules with unreacted alkyne 
units, are reduced (↓) significantly with increasing of the content of A2 monomer. 
Thus, the assigment of mass peaks to characterictic structures not only proves the 
expected structure but also provides information about the reaction pathway towards 
polymers in the oligomeric state. 
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Scheme S2.1. Possible monomer combinations and end groups for the assignment of 
mass peaks in the oligomeric region of the MALDI-TOF spectra of P3a-c 
 
Figure S2.1. MALDI-TOF spectrum of P3a-c prepared with feed ratioA2 : B3 of 1:1, 
3:2 and 2:1, showing the repeating units as well as changes in oligomeric pattern. 
 
3. Electrochemical analysis of P14 and model compound16 
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This electrochemical analysis work was performed by Ramunas Lygaitis from the 
Institute of Applied Photophysics at TU Dresden. 
 
 
Figure S3.1. Dynamic pressure-volume ( DPV) curves of investigated model 
compound 16 and polymer P14 
 
Figure S3.2. Cyclic voltammetry (CV) curves of investigated model compound 16 
and polymer P14. 
 
Table S3.1. Electrochemically (CV) determined redox potentials and calculated 
ionization potentials(IP), electron affinities (EA) of investigated model compound and 
polymer. 
P14 
 
Compound 16 
 
P14 
 
Compound 16 
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item 
Ered(onset)
 a) 
(V) 
Eox(onset)
 a) 
(V) 
EAb) 
(eV) 
IPc) 
 (eV) 
16 -2.06±0.05 0.86±0.05 3.03±0.05 5.96±0.05 
P14 -1.99±0.05 0.56±0.05 3.10±0.05 5.66±0.05 
 
a) Redox potentials are reported with the ferrocene/ferrocenium (Fc/Fc+) redox couple 
as an internal reference system: 0.00 V; 
b) Determined form the onset of the first reduction peak in the cyclic voltmamogram 
using Eg. EA (eV)  −(Ered(onset)+5.1); 
c) Determined form the onset of the first oxidation peak in the cyclic voltmamogram 
using Eg. IP (eV)= (Eox(onset)+5.1). 
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